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AN EVALUATION OF THE GEOTHERMAL POTENTIAL OF THE 
TECUAMBURRO VOLCANO AREA OF GUATEMALA 

Edited by 
0. Heiken and W. M e l d  

ABSTRACT 

Radiometric ages indicate that the 'l'ecuamburro Volcano and three 
adjacent lava domes grew during the last 38300 years, and that a 360-m- 
wide phreatic crater, Laguna Ixpaco, was formed near the base of these 
domes about 2900 years ago. Laguna Ixpaco is located within the 
Chupadero crater, from which pyroxene pumice deposits were erupted 
38300 years ago. Thus, the likelihood is great for a partly molten or 
solid-but-still-hot near-surface intrusion beneath the area. Fumaroles and 
hot springs issue locally from the Tecuamburro volcanic complex and 
near Laguna Ixpaco. Analyses of gas and fluid samples from these and 
other nearby thermal manifestations yield chemical-geothermometer 
temperatures of about 150' to 3OO0C, with the highest temperatures at  
Ixpaco. The existence of a commercial-grade geothermal reservoir 
beneath the Ixpaco area seerris likely. 

EXECUTIVE SUMNIARY 

Field studies of the Tecuamburro Volcano geothermal area were 
conducted by scientists from the Los Alamos National Laboratory (LANL), 
the U S  Geological Survey (USGS), and the Instituto Nacional de 
Electrification (INDE) in 1988 and 1989. The program included geologic 
studies with an emphasis 011 the history of volcanism, thermal sources 
and structural framework: a soil-radon survey aimed at identifying zones 
of enhanced permeability: hydrogeochemical studies that include analysis 
and interpretation of fumarolic gases and thermal and nonthermal 
waters; and geophysical surveys with emphasis on measurements of 
electrical resistivity; The results of the integrated surveys indicate that 
there is a substantial crustal heat source beneath the area of youngest 
volcanism, especially at the Laguna Ixpaco phreatic crater. The young 
volcanism (e  100000 years), the high chemical geothermometer 
fumarolic gas temperatures at Ixpaco (-3OO0C), and the presence of a 
highly conductive, WNW-trending zone that passes through Laguna Ixpaco 
all indicate the intersection between a fault zone with several craters, 
along which there is upflow of geothermal fluids. The Laguna Ixpaco and 
fumarole fields all lie within the 4-km-diameter Chupadero crater that 
may be the source for 38000-year-old pyroxene pumice deposits. 

Tecuamburro lies within the southern end of a N-S-trending, 20- 
km-wide graben. The Jalpatagua strike-slip fault zone terminates the 
northern end of the graben and the Pacific coastal plain sediments bury 
the southern end. Andesitic composite cone complexes flank the graben, 
with Pueblo Nuevo Vifias on the west and Ixhuatan on the east: these 
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volcanic complexes have ages of 2.6 Ma and 1.2 Ma, respectively. Ages of 
some of the volcanic rocks erupted within the graben may partly overlap 
those of the relatively older flanking volcanoes. Most of the volcanoes 
within the graben decrease in age from north to south: exceptions are 
the scoria cones near Barberena and Cuilapa. Radiometric ages range 
from 1.18 M a  in the north-central part of the graben to 38300 years for a 
pyroclastic unit farther south to somewhat younger for Tecuamburro 
summit eruptions that overlie this pyroclastic unit. Tecuamburro and 
adjacent lava domes represent the youngest magmatic eruptions in the 
area and consist of several km3 of lava. We estimate that about 55 km3 of 
magma was erupted from closely spaced vents in the Tecuamburro area 
during the last 100000 years. 

North- and WNW-trending normal faults are common within the 
Tecuamburro graben with many thermal manifestations located along 
them. Vents of the Tecuamburro dome complex are aligned along the 
WNW trend and the electrical resistivity survey defines a WNW-trending 
conductive zone that passes through Laguna Ixpaco and fumaroles located 
west of the laguna. The WNW-trending faults are important zones of 
permeability for geothermal fluids. 

Chemical and isotopic analyses of thermal and nonthermal waters 
and gases collected at springs and fumaroles of the Tecuamburro 
geothermal area provide information about possible geothermal reservoir 
temperatures and such processes as mixing and boiling. Three types of 
thermal waters have been identified: (1) steam-heated, (2) acid-sulfate, 
and (3) neutral-chloride. These waters are restricted to the northern 
highlands within the graben, the Laguna Ixpaco (Chupadero crater) area, 
and along the course of the Rio Los Esclavos. 

The steam-heated waters are relatively dilute and are composed 
mostly of near-surface ground water heated either by condensation of 
steam from an underlying boiling reservoir and/or from elevated crustal 
heat flow. Acid-sulfate waters have pH 53, are high in sulfate, and 
presumably form from HzS, which rises from a boiling, high-temperature 
reservoir and oxidizes in ground water to form sulfuric acid. These 
waters are associated with fumaroles at Laguna Ixpaco, Fumaroles of 
similar gas composition issue from the sulfur mine at the base of the Pefia 
Blanca and San Francisco domes. Neutral-chloride springs typically have 
pH 7 and relatively high chloride content. These probably represent 
lateral outflow from a geothermal reservoir with or without dilution by 
mixing with shallow meteoric ground water. 

Chemical geothermometry was applied to both water and gas 
samples. Gases collected at fumaroles of Laguna Ixpaco yield 
geothermometer temperatures as high as 300°C. These gases presumably 
rise more or less vertically from a geothermal reservoir located beneath 
the Ixpaco area, within the Chupadero crater. Temperatures calculated 
for thermal water range from 150' to 200°C. Thermal waters along the 
Rio Los Esclavos show evidence of mixing with shallow meteoric ground 
water and are interpreted to represent lateral outflow from a 
hydrothermal convection system or systems located below the higher 
terrain to the west. 
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Two interpretations are possible: (1) a single geothermal system of 
-3OOOC centered beneath the Laguna Ixpaco-Tecuamburro Volcano area 
feeds all hot springs along the Rio Los Esclavos and a zone of steam- 
heated waters to the north by means of two to three lateral flow paths: 
and (2) two adjacent systems separated by a WNW-trending fault-zone 
aquitard extending from El Corozal near the Rio Los Esclavos, westward 
to Joyas de San Nicolas. In the latter interpretation one system is 
centered beneath the Laguna Ixpaco-Tecuamburro area as stated in (1) 
and the second system of -165OC is centered beneath the Fumarole 
Infiemitos-Finca Las Delicias area. 

We conclude that there are active geothermal systems within this 
area and that geothermal gradient coreholes should be drilled to test the 
most promising of these systems. The first corehole should be drilled to 
the west of the Laguna Ixpaco phreatic crater, 700 m WNW of the center 
of Ixpaco, along the zone of low resistivity that was defined by the 
electrical and soil-radon surveys. 

A second corehole should be sited several kilometers north of 
Ixpaco, along one of the faults that cross older andesitic volcanoes. A 
geothermal reservoir or reservoirs located along these faults may be the 
sources for neutral-chloride waters samples at Colmenares. A WNW- 
trending fault-zone that crosses the northern rim of Chupadero crater 
may be an aquitard; a second corehole, located north of this fault, is 
needed to determine if there is one large system or two separate systems 
in the Tecuamburro region. 
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I. GEOLOGY AND GEOTHERMAL POTENTIAL OF THE 
TECUAMBURRO VOLCANO AREA OF GUATEMALA 
(IW. A. Duffield', G. H. Heiken**, K. H. Wohletz**, L. W. Maassen**, G. 
Dengot, and E. H. McKeett) 

A. INTRODUCTION 

The Tecuamburro geothermal area is a promising commercial 
geothermal resource, based on recent geological and hydrogeochemical 
studies made by the Los Alamos National Laboratory (LANL), the U. S .  
Geological Survey (USGS) , and Instituto Nacional de Electrificacion 
(INDE). The area is located in southeastern Guatemala along the Central 
American chain of active volcanoes and is dominated by Tecuamburro 
Volcano, which rises -800 m above its surroundings. Thermal 
manifestations, which are found over an area of nearly 400 km2 within 
the Cuilapa and northern portions of the Chiquimulilla topographic 
sheets, appear to be linked to recent volcanic activity around 
Tecuamburro volcano. Major hot spring and fumarolic areas are located 
at Laguna Ixpaco, within a poorly-defined crater immediately north of 
Tecuamburro Volcano, and along the Rio Los Esclavos east and northeast 

I of the volcano; these manifestations have chemical geothermometer 
I 

The Tecuamburro volcanic complex has no record of historic 
activity, but its well-preserved edifice suggests that it is Pleistocene (e.g., 
Williams et al., 1964: Cam, 1984; Reynolds, 1987). Previous mapping by 
students from Dartmouth University (Beaty et al., 1980) identified major 
rock units and some of the volcanic structure of the Cuilapa Sheet. New 
radiometric ages obtained for this study suggest that Tecuamburro 
Volcano is younger than 38300 +_ 1000 years and that powerful phreatic 
explosions about 2900 years ago formed a crater that contains Laguna 
Ixpaco. I t  thus seems likely that magma still resides within the crust 
beneath this area. 

temperatures of 150" to 300°C. 

* US Geological Survey, 2255 N. Gemini, Flagstaff, AZ 86001. 
**Los Alamos National Laboratory, Earth and Environmental Sciences Division, 
Los Alamos, NM 87545. 
tCentro de Estudios Geol6gicos de America Central, Apartado 468, Guatemala City, 
Guatemala. 
t t U S  Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025. 
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The objectives of this study concern (1) the volcanic history of the 
Tecuamburro area, (2) the structural setting, (3) the volcanic and 
structural  framework of the hydrothermal systems, and (4) 
recommendations for future exploration by completion of geothermal 
gradient and lithologic studies at one or more site-specific coreholes. 

Field geological work was completed during July, 1988 and 
February-March, 1989. A 1:50,000 scale geologic map of the region has 
been produced (Plate l), which defines major structural and stratigraphic 
elements. Over 80 rock samples collected during field mapping have 
been characterized by optical microscopy, scanning electron microscope 
(SEM), and electron probe analysis. Most of those samples were also 
analyzed by X-ray fluorescence. Several samples have yielded new 
radiometric ages by both 1% and K-Ar dating methods. 

B. REGIONAL GEOLOGIC SETTING 

Tecuamburro Volcano is located within the west-tapering tail of the 
Caribbean lithospheric plate (Fig. 1.1). This plate is bounded on the south 
by the Middle America Trench and related subduction zone, above which 
is a chain of active volcanoes, I t  is bounded on the north by the Polochic 
and Motagua system of left-lateral transform faults. 

A system of roughly N-S-trending grabens forms a series of active 
tectonic structures in southern Guatemala that are readily identifiable as 
far east as the Honduran depression, but they appear to be buried beneath 
volcanic rocks in western Guatemala (Burkhart and Self, 1985). 

Tecuamburro Volcano and the related Pliocene and Pleistocene 
volcanoes located immediately north of and adjacent to Tecuamburro are 
located within one of these N-S-trending grabens that we informally call 
the "Tecuamburro graben." The composite cone of Pueblo Nuevo Vifias, 
similar in size to Tecuamburro, rises to the west of this graben: the 
Ixhuatan volcanic shield complex is on the eastern side. The 
Tecuamburro graben terminates to the north against the WNW-trending 
Jalpatagua strike-slip fault and lies beneath Quaternary sedimentary rocks 
of the Pacific coastal plain in the south. Part of the graben-bounding fault 
system was seismically active in 1979- 1980 along north-trending faults 
that cut across the Ixhuatan complex. First motion analysis of the 
earthquakes in this swarm indicates downthrow to the west along steeply 
west-dipping planes (White et al., 1980); the Tecuamburro graben 
continues to grow. 

The regional setting is evident on a Space Shuttle Imaging Radar 
image of the region (Fig. 1.2), which extends SW-NE from the Pacific 
shoreline to Ayarza caldera. The most apparent feature in this image is 
the Jalpatagua fault zone, which appears to be several kilometers wide. 
The Jalpatagua fault zone divides 6 km east of Cuilapa, with the main fault 
zone trending N70W and the subsidiary fault N55W; both continue N W  
until they are buried by pyroclastic deposits from the Amatitlan caldera. 
Apparently diverted courses of drainages suggest that the Jalpatagua fault 
zone is a right-lateral strike-slip fault, whereas the apparent offset of 
lines of cinder cones suggests left-lateral movement. The Tecuamburro 
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Fig. I. 1. Index maps of Guatemala and the Tecuamburro Volcano area. (a) Lithospheric 
plate boundaries in Honduras, Guatemala, and El Salvador. The Polochic and Motagua 
Faults form a left-lateral transform boundary between the Caribbean and North American 
plates. The Middle America Trench is the surface expression of a subduction zone 
boundary between the Caribbean and Cocos plates. The chain of active volcanoes is 
generalized as -. Principal Geothermal fields of Guatemala are San Marcos (SM); 
Zuni1 (2); Amatitlan (A); Tecuamburro (T). Schematic structural map of the 
Tecuamburro area. The graben is about 20 km wide. Patterns of radiating lines mark 
principal vent areas of volcanic complexes within the graben. IXP is the Ixpaco phreatic 
crater and tuff ring. 

(b) 
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Fig. I.2a. Space Shuttle Imaging Radar image of southeastern Guatamala. Most of the 
structural features discussed in the text are visible, including the Tecuamburro graben, the 
Jalpatagua fault zone, and Ixhuatan, Pueblo Nuevo VMas, Tecuamburro, and Ayarza 
volcanoes. (Image was provided by Ron Blom, NASA-Jet Propulsion Laboratory, Pasadena, 
California) 
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Fig, 1.2b. Sketch map of stuctural features visible on the Space Shuttle Imaging Radar 
image. 
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graben is also visible on this image (Fig. 1.2a), with normal north-south 
faults bounding the graben and crossing the older volcanic massifs of 
Pueblo Nuevo ViAas (marked Cerro La Gabia on Fig. I.2b) and Ixhuatan 
volcanoes. Also visible on the image are the sector collapse crater of 
Volcan Miraflores , the Chupadero crater (containing the Laguna Ixpaco 
crater), and zones of hydrothermal alteration within the older composite 
cones north of Tecuamburro. 

North of Tecuamburro Volcano, the Tecuamburro graben contains 
several older volcanoes that range in age from >1.8 Ma to 0.8 Ma, 
including Piedra Grande, El Sordo, and Los Sitios. These volcanoes 
contain large areas of hydrothermal alteration, arcuate crater rims and 
collapse features, and a large crater or caldera informally named 
"Chupadero" crater, These volcanoes are crossed by N- and NW-trending 
normal and reverse (thrust) faults. Many of these NW-trending faults, 
especially the reverse faults, may be second-order structures related to  
the strike-slip regime of the Jalpatagua fault. 
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C. STRATIGRAPHP AND PETROLOGY 

The stratigraphic succession, as indicated by field relations, is 
summarized in Fig. 1.3. Some age assignments are equivocal, and 
adjacent vent areas likely had overlapping periods of activity. Broadly 
speaking, however, andesitic and dacitic volcanoes are progressively 
younger to the south. Volcanoes flanking the Tecuamburro graben are 
interpreted to predate most, if not all, of the volcanic rocks erupted 
within the graben. 

0 
L 

Fig. I.3a. Geologic map of Tecuamburro Volcano and adjacent areas. Compiled by Wendell 
A. Duffield; mapping by Duffield, G. Heiken, K. Wohletz, L. Maassen. G. Dengo, and 0. 
Pinzon. Supplementary information came from the Geologic Map of Guatemala. Cuilapa 
Sheet (1980). 
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Fig. 1.3b. Legend for the geologic map presented in Fig. 1.3a. 

Radiometric ages are generally consistent with field-defined 
stratigraphy (Table 1.1 and Fig. 1.4). The four oldest ages (2.6 k 0.3 Ma, 
1.16 f 0.048 Ma, 1.18 f 0.080 Ma, and 0.8 f 0.080 Ma) were determined 
for rocks from the flanking Pueblo Nueva Viiias and IxhuatAn volcanic 
complexes, and the northern part of the Tecuamburro graben. In the 
southern part of the graben, the stratovolcano that is ancestral to 
Tecuamburro (Miraflores) is about 0.1 Ma. This volcano was modified by a 
large sector collapse that formed the hummocky terrain across the N o  
Los Esclavos, east of the Miraflores-Tecuamburro complex. At some time 
after this sector collapse, two-pyroxene andesitic pumice deposits were 
erupted: the location of a vent for this eruption is not known, although 
the distribution of the pumice fallout (stippled pattern on the geologic 
map) suggests a vent at Chupadero Crater or beneath Tecuamburro. The 
subsequently erupted Tecuamburro rocks are too young to yield accurate 
K-Ar ages, but their calculated ages and associated uncertainties (Table 
1.1) are consistent with the <38.3 ka 14C age determined from a log in 
the pyroxene pumice deposits. 
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TABLE I. 1 RADIOMETRIC AGES FOR W E S  FROM THE TECUAMBUMO 
VOLCANO AREA. (See Plate 1 for sample locations.) 

K-Ara 

Sample Map Unit 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
18 

KZO 
(%I 
1.085 
0.528 
0.576 
0.765 
0.67 1 
0.769 
0.9 10 
0.936 
1.300 
0.748 
1.257 

4%- 
(mol/gm) 

3.0663 x 
7.5074 x 

-4.8337 x 

- 1.0465 x 
1.1921 x 
1.2675 x 
1.8283 x 
1.4977 x 
1.2758 x 
2.1009 x 

4.0044 x 10-14 

14c 

4%- 
(Yo Rad.) 
0.16 
0.50 

0.29 

6.85 
0.14 
5.39 
5.13 
7.32 

10.60 

-0.3b 

-0.9b 

Age 
(Ma) 

0.019 f 0.056 
0.096 f 0.105 

0.036 f 0.064 

0.108 f 0.045 
0.094 f 0.263 
0.131 f 0.039 
0.800 f 0.061 
1.180 f 0.080 
1.160 f 0.050 
2.6 rt0.3c 

-0.056 f 0.098 

-0.108 f 0.130 

Age 
Sample Map Unit Material Dated orears) 
12 Qtr Sediment 2,910 f 70 
13 Qai Wood 38,300 f 1.000 

a All K-Ar ages are on whole-rock samples of lava flows. 

The negative 4OAr and age are artifacts of the method of calculating radiogenic 40Ar. The experiment 
shows that the sample contains too little radiogenic 40Ar to be detectable, presumably an indication of a 
very young age. 

Reported by Reynolds (1987). 

Note: The K-Ar age determination of sample 5 was carried out at the laboratory of the Institute of Human 
Origins, Berkeley, California, All others were done at the USGS, Menlo Park, California. The 14C age 
determinations were carried out by S. Robinson and D. Trlmble in the USGS laboratories at Menlo Park. 
Samples were crushed, sieved to 60-100 mesh, washed in water, treated for SO minutes in 14% HNO, and 
then for 2 minutes in 6% HF. This procedure removes extraneous argon from whole-rock samples. 
Samples were also boiled in water for 12 hours before loading them into an ultrahigh-vacuum fusion- 
extraction system for collection of argon. T h i ~  procedure inhibits adsorption of atmospheric 4OAr. hence it 
increases the proportion of radiogenic *OAr recovered from a sample. Potassium was analyzed by a lithium 
metaborate flux fusion-flame photometry technique, with the lithium senring as an internal standard 
(Ingamells, 1970). Argon was analyzed by isotope dilution, using a five-collector system for simultaneous 
measurement of argon ratios in a static mass spectrometer (Stacey et al., 1978) at the USGS and by a 10- 
cm Reynolds-type gas-source spectrometer at Berkeley. The f values represent analytical uncertainty at 
one standard deviation, as determined by experience with replicate analyses. Radioactive-decay constants 
and abundance of 40Ar are from Steiger and Jager (1977). 
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A conservative interpretation suggests that all of the 20.1 Ma rocks 
within the southern part of the graben were erupted from closely spaced 
vents, which also implies an equally long-lived residence of crustal 
magma bodies beneath the area. 

Monogenetic basaltic vents and associated lavas along the Jalpatagua 
fault zone at  the northern margin of the map (Fig. 1.3) are inferred to 
represent the youngest magmatic eruptions in the study area. These 
olivine-phyric basalts and basaltic andesites are the most primitive rocks 
of those analyzed (see Table 1.3). 

With the exception of local, small-volume deposits of alluvium and 
minor lacustrine beds, most of the Tecuamburro area is underlain by 
two-pyroxene andesitic lavas. Complexly twinned and zoned plagioclase 
is a nearly ubiquitous phenocryst; hornblende and olivine are minor 
constituents of some of the rocks. Andesites range from sparsely to 
moderately porphyritic and occur as lava domes and flows, laharic 
breccias, and ignimbrites, fallout, and surge pyroclastic deposits. Si02 
contents of all rocks range from 48 to 64% (Table 1.2) and all analyzed 
rocks comprise a weakly calc-alkaline suite. 

Silicic rocks are restricted to rhyodacitic ignimbrites that partly fill 
valleys along the east and west sides of the Tecuamburro graben (Fig. 1.3, 
Qri) and to inliers of similarly silicic quartz-phyric rocks that are 
interpreted as Tertiary "basement" (Fig. 1.3, Tqu). These latter rocks are 
exposed only in two small upfaulted blocks, and their subsurface extent is 
unknown. The ignimbrites contain phenocrysts of sanidine, plagioclase, 
biotite, and hornblende; these rocks are similar in age, petrographic 
characteristics, and chemical composition to part of the outflow sheets 
erupted from Amatitlh caldera, which is located 50 km to the northwest 
(Fig. 1.5). This correlation is also suggested by the fact that the 
ignimbrites in the northwestern part of the map area can be traced 
almost continuously back to Amatitlan caldera. Those Qri ignimbrites 
exposed along the Rio Los Esclavos, in the eastern part of our map area, 
are interpreted to have flowed over an  intervening drainage divide during 
emplacement, or possibly along a valley now buried by the basaltic lavas 
that post-date them. The only other nearby caldera young enough to be a 
potential source for the ignimbrites is Ayarza, located -50 km northeast 
of Tecuamburro Volcano; however, the Ayarza outflow sheet is 
considerably more silicic than that from Amatitlan and the older 
ignimbrites within the map area (Fig. 1.5). 
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TABLE 1.2, Whole-rock chemical analyses of rocks from the 
Tecuamburro area. Map Unit designations are referred to in the text and 
Plate 1. 

0 ~ a p  Unit 1 sample # 2 Si02 3 Ti02 4 Al203 5 Fe203 6 .&IO 7 M+ 8 CaO 9 K2o 10 Na20 11 P205 12 Total 

1 Qb 
2 Qb 
3 Qat 
4 Qat 
5 Qat 
6 Qat 
7 Qat 
8 Qat 
9 Qat 
10 Tai 
11 Qat 
12 Tai 
13 Tai 
14 Tai 
15 Tai 
16 QtK 
17 QtK 
18 Qb 
19 Qb 
20 QtK 
21 Qas 
22 Qas 
23 Qai 

25 Qai 
26 Qasf 
27 Qas 
28 Qas 
29 Qasf 

31 Qam 
32 pas 
33 Tai 
34 Tai 
35 Qai 
36 Tai 
37 Qai 
38 Qas 
39 Tai 
40 Tai 
41 Qtr 
42 Qtr 
43 Qai 
44 Qai 
45 Qap 
46 Qap 
47 Qat 
48 Qai 
49 Qai 
50 Qat 
51 Qai 
52 Qai 
53 Qap 
54 Qap 

24 Qtr 

30 Qam 

tM-4 
m-4 
7-9-88-6a 
7-9-88-6A 
7-9-88-2 
7-9-88db 
7-9-88-6b 
7-9-88-3 
7-9-88-2 
GH-3-1-89-2 
7-9-88-3 
GH-3-1-89-2 
GH-3-1-89-3 
GH-3-1-89-2 
GH-3-1-89-3 
GH2-25-89-3D 
GH2-25-89-3D 
LM-3 
L w 3  
GH2-25-09-32 
GH-2-24-89-5 
OH-2-24-89-5 
GH-2-24-89-4 
GH2-25-89-32 
GH-2-24-89-4 

GH-2-24-89-5 
GH-2-24-89-5 
7-8-88-3 
7-11-88-1 
7-11-88-1 
lM-7 
m-1 
GH-3-1-89-1 
GH-2-22-89-4 

GH-2-22-89-4 
IN-7 
GH-3-1-89-4 
GH-3-1-89-4 
GH2-25-89-3B 
GH2-25-09-38 
GH-2-24-89-2 
OH-2-24-89-2 
GH-2-22-89-6 
GH-2-22-89-6 
7-8-88-4 
7-9-88-12 
GH-2-25-89-4 
7-8-88-4 
7-9-88-12 
GH-2-25-89-4 
GH-2-22-89-5 
GH-2-22-89-5 

7-8-88-3 

GH-3-1-89-1 

48.37 
49.64 
52.01 
52.16 
52.32 
52.81 
52.82 
52.83 
52.97 
53.11 
53.21 
53.41 
53.71 
53.77 
54.01 
54.26 
54.30 
55.00 
55.18 
55.50 
55.56 
55.61 
55.74 
55.92 
56.00 
56.06 
56.07 
56.20 
56.27 
56.45 
56.67 
57.07 
57.20 
57.46 
57.65 
57.76 
57.87 
58.55 
58.60 
58.66 
58.88 
59.17 
59.42 
59.58 
59.80 
59.95 
60.07 
60.26 
60.44 
60.54 
60.78 
60.78 
61.22 
61.51 

1.30 
1.32 
0.89 
0.90 
0.76 
0.83 
0.84 
0.78 
0.79 
0.87 
0.78 
0.86 
0.91 
0.87 
0.92 
0.82 
0.82 
1.07 
1.07 
0.73 
0.77 
0.76 
0.80 
0.75 
0.80 
0.74 
0.86 
0.85 
0.76 
0.73 
0.73 
0.71 
0.59 
0.72 
0.65 
0.72 
0.64 
0.72 
0.71 
0.71 
0.85 
0.84 
0.67 
0.68 
0.58 
0.59 
0.64 
0.58 
0.57 
0.66 
0.58 
0.57 
0.60 
0.63 

17.27 
18.11 
19.20 
19.02 
18.00 
20.65 
20.60 
18.83 
18.23 
19.03 
18.86 
19.17 
25.00 
18.98 
25.34 
26.18 
26.22 
16.96 
16.92 
16.97 
23.55 
23.69 
18.45 
16.91 
18.48 
19.59 
22.94 
22.88 
19.71 
18.21 
18.31 
18.07 
18.56 
19.67 
18.98 
19.72 
19.12 
18.49 
19.82 
19.81 
17.37 
17.53 
18.69 
18.51 
18.36 
18.49 
17.30 
17.11 
17. LO 
17.24 
17.11 
16.95 
17.79 
17.64 

9.97 
10.12 
10.16 
10.10 
8.60 
9.38 
9.46 
8.63 
8.79 
9.28 
8.58 
9.23 
8.52 
9.19 
8.57 
7.29 
7.35 
8.61 
8.61 
15.94 
8.71 
8.70 
8.27 

16.05 
8.29 
8.25 
9.05 
8.92 
8.33 
8.46 
8.39 
7.94 
8.11 
5.90 
7.32 
5.95 
7.30 
8.16 
5.93 
5.88 

12.22 
12.27 
7.54 
7.50 
6.80 
6.85 
6.89 
6.40 
6.21 
6.92 
6.48 
6.26 
6.28 
6.42 

0.16 
0.16 
0.18 
0.17 
0.16 
0.17 
0.17 
0.15 
0.16 
0.17 
0.15 
0.16 
0.13 
0.16 
0.13 
0.05 
0.05 
0.13 
0.13 
0.03 
0.16 
0.16 
0.17 
0.03 
0.17 
0.16 
0.14 
0.14 
0.17 
0.18 
0.18 
0.14 
0.18 
0.13 
0.14 
0.13 
0.14 
0.15 
0.09 
0.09 
0.02 
0.02 
0.13 
0.13 
0.14 
0.14 
0.14 
0.14 
0.12 
0.14 
0.14 
0.13 
0.13 
0.13 

6.92 
7.00 
4.49 
4.38 
5.00 
2.93 
2.88 
4.94 
5.09 
3.94 
4.93 
4.11 
0.42 
3.98  
0.46 
1.39 
1.42 
3.72 
3 .I4 
1.84 
1.00 
1.03 
3.22 
1.81 
3.28 
3.29 
1.39 
1.37 
3.39 
3.35 
3.33 
3.17 
2.51 
1.58 
2.81 
1.60 
2.79 
3.34 
1.31 
1.29 
1.51 
1.50 
3.29 
3.30 
3.18 
3.24 
2.81 
2.46 
2.70 
2.80 
2.47 
2.67 
2.84 
2.85 

9.39 
9.53 
0.23 
8.29 
8.88 
5.90 
5.89 
8.93 
8.86 
8.24 
8.99 
8.13 
1.25 
8.10 
1.25 
0.43 
0.44 
8.82 
8.79 
0.22 
0.43 
0.45 
7.42 
0.23 
7.47 
4.83 
1.39 
1.36 
4.85 
7.79 
7.83 
7.58 
6.82 
7.03 
5.05 
6.95 
5.10 
7.74 
6.53 
6.58 
0.23 
0.24 
5.82 
5.81 
5.25 
5.27 
6.19 
5.50 
5.74 
6.23 
5.47 
5.74 
5.27 
5.30 

0.81 
0.78 
0.44 
0.45 
0.56 
0.44 
0.44 
0.56 
0.55 
0.85 
0.56 
0.87 
0.61 
0.88 
0.61 
0.36 
0.35 
0.74 
0.72 
0.32 
0.40 
0.41 
0.72 
0.32 
0.73 
0.67 
0.79 
0.79 
0.63 
0.85 
0.86 
1.26 
1.27 
1.87 
0.96 
1.87 
0.96 
1.29 
1.84 
1.84 
0.28 
0.28 
0.72 
0.73 
1.01 
1.03 
1.22 
1.23 
1.19 
1.25 
1.21 
1.21 
1.15 
1.15 

3.63 
3.05 
2.82 
2.94 
3.42 
3.24 
2.95 
3.46 
3.18 
3.11 
3.42 
3.22 
1.10 
3.27 
1.20 
0.91 
0.59 
2.94 
2.83 
0.39 
0.68 
0.70 
3.63 
0.46 
3.66 
3.12 
1.69 
1.63 
3.05 
3.71 
3.68 
3.23 
4.60 
3.48 
3.00 
3.57 
2.82 
3.47 
3 .88  
3.97 
0.40 
0.39 
3.19 
2.88 
3.37 
3.40 
3.71 
3.06 
3.19 
4.12 
3.23 
3.00 
3.36 
3.41 

0.29 
0.30 
0.14 
0.14 
0.15 
0.11 
0.11 
0.15 
0.16 
0.21 
0.16 
0.21 
0.04 
0.21 
0.03 
0.06 
0.07 
0.24 
0.24 
0.24 
0.06 
0.06 
0.20 
0.25 
0.20 
0.09 
0.04 
0.05 
0.09 
0.19 
0.19 
0.12 
0.30 
0.27 
0.10 
0.27 
0.10 
0.12 
0.30 
0.30 
0.10 
0.10 
0.13 
0.13 
0.10 
0.10 
0.13 
0.06 
0.12 
0.13 
0.06 
0.12 
0.11 
0.10 

98.11 
100.02 
98.57 
98.55 
97.84 
96.47 
96.16 
99.25 
98.78 
95.68 
99.63 
99.41 
92.52 
99.41 
99.01 
91.60 
91.61 
98.22 
98.23 
91.77 
91.58 
98.63 
99.08 
92.19 
99.08 
96.81 
94.36 
94.35 
97.25 
99.91 
100.17 
99.29 
87.02 
99.39 
96.84 
98.11 
99.05 
102.02 
99.14 
99.13 
92.33 
92.34 
94.18 
99.62 
98.59 
98.59 
99.10 
96.80 
98.59 
100.02 
97.53 
97.39 
99.14 
99.14 

Tecuamburro 11 



TECUAMBURRO CHEMICAL ANALYSES 

0 Map Unit 1 sample # 2 Si02 3 Ti02 4 A1203 5 Fe203 6 MnO 7 MgU 8 CaO 9 K20 10 Na2O 11 P205 12 Total 

7.0 

6.5 

6.0f 

7-0-08-1 
7-8-08-1 
GH2-25-09-3A 
GH2-25-89-3A 
KWI-88-5 
GH-2-25-89-7 
GH-2-25-89-7 
7-9-88-16 
7-9-88-16 
GH-2-22-89-1 
GH-2-22-89-1 

62.34 0.56 16.75 6.06 0.13 2.47 5.77 1.36 3.56 0.10 99.12 
62.49 0.55 16.67 6.08 0.13 2.48 5 . 1 5  1.32 3.42 0.11 98.99 
63.20 0.91 22.30 3.34 0.04 2.31 0.18 0.44 0.33 0.07 91.86 
63.24 0.90 22.29 3.33 0.04 2.33 0.17 0.44 0.30 0.07 93.11 
63.42 0.67 17.75 6.96 0.11 0.69 1.84 2.36 1.84 0.04 98.81 
63.45 0.51 16.65 5.38 0.11 1.68 4.37 2.24 3.10 0.11 98.19 
64.07 0.51 16.52 5.40 0.11 1.69 4.39 2.27 3.13 0.10 98.19 
66.14 0.50 15.19 3.62 0.10 0.90 2.82 3.50 3.69 0.09 96.55 
66.52 0.48 15.42 3.61 0.10 0.93 2.81 3.53 3.70 0.09 97.20 
75.89 0.12 13.13 0.77 0.05 0.09 0.46 4.24 3.51 0.03 98.44 
76.04 0.12 12.99 0.78 0.05 0.10 0.47 4.27 3.59 0.03 98.74, 

ROCKS OF THE TECUAMBURRO AREA 

0 Qri 

0 
Older 

Tertiary 
tuffs 

2.01. Altered 
Rocks 0 Tai 

u*y48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 
Wt.% SiO, 

Fig. 1.4. Plot of Si02 vs N a 2 0  f K20 for samples collected from the Tecuamburro Area. 
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Tecuamburro Area 
Silicic Tuffs and Possible Source Volcanoes 

AmatitIan L flow 
Ayana Mixta Now 

8.2 Amatitkn T flow 

0 8.0- 
2 
+ 7.a- 
0 

2 7.6- 
N 

0 AmatitIan T fall 
0 Ayatza Tapalapa flow 0 

AmatitIan L fall 

7*4 1 Qri-ignimbrites 

I . L  I . I - I  

68 70 72 74 76 
Si02 

Unit Si02 Ti02 AI203 FeO MgO CaO K20 Na20 P2O5 Total 

(Qri) Valley Ignimbrite-East 68.50 0.52 15.73 3.75 0.93 
(Qri) Valley Ignimbrite-East 68.44 0.49 15.86 3.71 0.93 

I Amatitlin T Flow 
Amatitlh T Fall 
Amatitlin T Flow 
Amatitlin T Fall 1 

70.10 0.39 14.70 2.40 0.51 
69.80 0.38 14.70 2.35 0.51 
70.70 0.52 15.60 0.66 0.66 
69.20 0.49 15.80 3.20 0.80 

Ayarza Mixta Flow 75.20 0.14 14.10 1.30 0.20 
Ayarza Tapalapa Flow 75.00 0.13 14.70 1.32 0.10 
Fig. 1.5. a. Si02 vs. Na2O + K20 plot for silicic tuffs of th 

2.92 3.50 3.82 0.09 100 
2.89 3.53 3.81 0.09 100 

1.50 4.20 4.00 0.06 100 
1.50 4.00 4.02 0.06 100 
1.80 4.15 4.17 0.07 100 
2.10 3.80 4.10 0.07 100 

0.70 4.37 3.90 0.05 99.96 
0.82 3.70 4.20 0.03 100.00 
Tecuamburro area (Qri-valley 

ignimbrite) and a comparison with ignimbrites from Amatitliin caldera (Wunderman and 
Rose, 1984). and Ayarza calderas (Peterson and Rose, 1985). b. Tabulated XRF analyses for 
the tuffs shown in a. 

Two nested craters are located near the northwest base of the 
Tecuamburro (Fig. 1.3). The larger crater, informally called Chupadero, 
is older and more poorly defined. It is in rocks with ages of 0.8 and 0.1 
Ma (Fig. 1.3 Qas and Qam) and in turn contains some of the 38.3 Ka 
pyroclastic deposits of map unit Qai and part of the Tecuamburro dome 
complex. Chupadero crater may be the vent of the Qai, whose pumice 
falls and ignimbrites once blanketed adjacent hills and filled the lower 
part of the Cafion de Rio Los Esclavos. 

The younger crater, Laguna Ixpaco, has yielded a 14C age of 2.91 f 
0.07 ka on an organic-rich none with the tuff ring around the crater. A 
debris avalanche from the nearest of the closest Tecuamburro dome has 
buried the southeastern edge of the Ixpaco tuff ring. Thus dome growth 
may have been as recent as <2.91 ka, although an event unrelated to and 
younger than dome growth >2.91 and <38.3 Ka could have triggered the 
avalanche. 

Tecuamburro 13 



Rock Unit Descriptions 

Plio c en e 

Undifferentiated Quartz-Bearing Lavas (Tqu) 
Two small outcrops of quartz-bearing altered volcanic rocks occur 

along Highway 16 between Los Esclavos and Finca La Concepcidn. These 
outcrops are partly bounded by both normal and reverse faults and are 
partly overlain by basalt flows and ignimbrite (Fig. 1.3, units Qri and Qb). 
Age relations with other rocks in the project area are unknown, but we 
infer that these upfaulted rocks are part of the Tertiary basement and 
may be correlative with the Miocene Padre Miguel Group (Williams and 
McBirney, 1969). 

The mineralogy of these "basement" rocks and their pervasive 
hydrothermal alteration and silicification is distinct from younger 
andesitic rocks of the area. Rock types identified include felsic 
porphyries and an  altered rhyolitic welded tuff. One of these coarse- 
grained porphyries crops out in a road cut (UTM 789.6, 1577.3) and 
superficially resembles a granite, consisting of euhedral, rounded quartz 
phenocrysts (-10%) up to 2 mm long in a strongly altered groundmass. 
Euhedral plagioclase and K-feldspar phenocrysts (-25%) are up to 2 mm 
long and are completely altered to clays; only a relict texture remains. 
Hornblende and biotite make up less than 5% of this rock. 

Underlying the coarse-grained porphyry is an  altered rhyolitic 
welded tuff, which in turn overlies another felsic porphyry. Because of 
the hydrothermal alteration, these rocks resemble andesitic lavas in the 
field. The welded tuff contains nearly 15% rounded and embayed quartz 
phenocrysts (up to 3 mm long), lesser amounts of broken and altered 
feldspar phenocrysts, and a few percent hornblende. A devitrified, fine- 
grained groundmass shows relict, compacted shard textures. 

Mineralogy typical of silicic rocks and strong alteration suggest that 
these rocks may be one of the widespread Tertiary-age silicic lava and tuff 
sequences commonly found behind the active volcanic arc in Guatemala 
(Carr, 1984). 'fhese rocks may be representative of the Tertiary 
basement underlying the younger andesitic rocks of the stratovolcanoes 
north of Tecuamburro, and we infer this relationship in cross sections. 

Andesitic Volcanoes of Pueblo Nuevo Virias (Tap and Tapbr) 
The village of Pueblo Nuevo ViAas is on an avalanche breccia from a 

composite cone similar in size to Tecuamburro, which is centered several 
kilometers soouthwest of the town. All of the volcanic rocks west of the 
Tecuamburro Graben have been grouped together as the andesites of 
Pueblo Nuevo Vifias composite cone. Although an age of 2.6 k 0.3 Ma is 
recorded for a lava from the northern end of this complex (Reynolds, 
1987), most of the lavas from this cone appear to be stratigraphically 
higher; they are from a cone as well-preserved as Miraflores volcano. It 
thus seems likely that these andesites are Plio-Pleistocene. 

The Pueblo Nuevo Vifias composite cone is over 10 km wide at its 
base and reaches elevations of over 1800 m. The summit area has been 
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modified by sector collapse that left an amphitheater open to the 
northeast. Within the amphitheater collapse and avalanche breccias, 
laharic breccias, and lava boulders several meters in diameter (Tapbr) 
form an irregular hummocky terrain that extends to the northeast, where 
they are buried by the younger hornblende-biotite rhyodacite (Qri). 

Lavas of the Pueblo Muevo ViWas composite cone are of two main 
types: (1) older oxyhornblende-bearing andesites and dacites and younger 
two-pyroxene andesites. Both are porphyritic and contain over 20% 
plagioclase phenocrysts. 

Although the age relationships are equivocal, we suggest the 
following stratigraphy for the Pueblo Nuevo ViWas volcano: (1) lavas make 
up most of the older cone, exposed a t  the base of the amphitheater and 
in basal oufflow units on the western flanks: and (2) two-pyroxene lavas 
form the upper cone flanks, including a dike near the summit. One of the 
older lavas sampled at the base of the amphitheater is dacitic and 
contains 10% quartz, 20% oligoclase, 5% oxyhornblende, and 1% 
hypersthene phenocrysts. The dike rock from the summit is a dark 
black, fine-grained, two-pyroxene basaltic andesite. Magma compositions 
apparently became more mafic with time in the Pueblo Nuevo Vifias 
complex. The complex may consist of two overlapping eruptive centers 
or may have been formed by eruptions of both basaltic andesite and 
andesite and dacite. 

Pliocene-Pleistocene 

Andesitic Volcanoes of Ixhuatdn (Tai) 
The volcanic complex of Ixhuath is named after the town of Santa 

Maria Ixhuath,  located near the summit. The Ixhuatan complex forms a 
shield 20 x 12.5 km with a maximum elevation of 1718 m, which is cut 
by faults on the eastern side of the Tecuamburro graben. The northern 
end of Ixhuatan is bounded by the Jalpatagua fault zone and the southern 
end slopes onto the coastal plain. The name "Ixhuatan" was assigned to 
this volcanic complex by Beaty et al. (1980). The one K-Ar date for an 
Ixhua th  lava is 1 .16  k 0.050 Ma. The age of this complex is reflected 
also in a deep (-4 m) weathering profile over much of the summit. Much 
of the topography appears to be controlled by faults, with very few of the 
original volcanic landforms still in place. 

The lowest slopes of Xxhuatan, exposed along the Rio Los Esclavos, 
below Sinacantan, consist of massive gray porphyritic andesite (Table 1.2 
and Appendix B). The rock contains 37% phenocrysts in a trachytic 
groundmass: these include zoned plagioclase, pigeonite and Fe-Ti oxides. 
Upstream, roughly east of Tecuamburro, laharic breccias and some silicic 
pyroclastic rocks are interbedded with the lavas. 

Exposures along the summit regions of the Ixhuatan complex 
consist of mostly rubbly or platy lava flow tops, scoria cones, and 
vulcanian breccias. The porphyritic lavas and scoria have andesitic and 
basaltic andesitic compositions (Table 1.2). The lavas and scoria are 
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petrographically unique within this region: they are characterized by 
abundant (35 to  50%) phenocrysts of plagioclase and minor 
orthopyroxene and Fe-Ti oxide. The zoned plagioclase phenocrysts have 
distinctive hopper shapes not seen anywhere else in the mapped area. 

A weathered lithic tuff, with relict phenocrysts of plagioclase, 
hornblende, and biotite, is exposed intermittently across the Llano 
Grande, along the northern end of the Ixhuatan complex. I t  is 
petrographically similar to the hornblende-biotite ignimbrites of the 
valley of Rio Los Esclavos, but it is much more deeply weathered than 
those deposits. 

Pyroxene Andesite Volcanic Complex of Piedra GraYt.de (QTapg) 
The Piedra Grande volcanic complex occupies approximately the 

northern third of the Tecuamburro graben. Lavas, laharic breccias, and 
welded tuffs make up  this eroded composite cone (cross section F-F) 
that we infer to overlie felsic lavas and tuffs of Tqu. The cone, eroded 
and faulted, is about 7 km wide at the base and reaches elevations of 
1600 m at Cerro la Torre. The cone is flanked and overlain by younger 
andesites of Los Sitios (Qas) to the west, Quaternary basalts to the 
northeast, Quaternary hornblende-biotite ignimbrite (Qri) to the north 
and northwest, and basalts of El Sordo (Qae) to the south: this suggests 
that the volcano is older than about 1.2 M a  (K-Ar age for the 
stratigraphically younger El Sordo Volcano). 

Lavas from Cerro la Torre and a welded tuff from Finca Los 
Suquinayes are dacitic (Si02=63-64%). The welded tuff consists of 14% 
plagioclase (c3 mm), 7% oxidized hornblende (c3 mm), 4% sanidine (0.4 
mm), 2% Fe-Ti oxides, and a trace of orthopyroxene. The lavas are also 
porphyritic. Laharic breccias in outflow units to the north and east 
contain boulders of two-pyroxene andesite and dacite. 

Much of the upper part of the cone of Piedra Grande volcano is 
hydrothermally altered and fresh samples could not be found. The 
alteration is most extensive near Finca Las Delicias and to the west and 
northwest of the finca. Alteration products include opal CT, tridymite, 
cristobalite, smectite, and pyrite. The alteration may be associated with a 
collapse event that produced the distinctive, semicircular volcanic 
landform. Activity a t  Fumarole Infiernitos (TM-32 in chapter 111) may 
represent late stage vestiges of a larger, earlier hydrothermal alteration 
event. 

Pyroxene Andesite Volcanic Complex of El Sordo (Qae) 
El Sordo is an eroded and faulted composite cone located in the 

central part of the mapped area. The lavas of El Sordo are basaltic (50-53 
Wt.% Si02) and overlie and interfinger with the southern flanks of the 
Piedra Grande volcano; they are overlain by lavas and scoria of Los Sitios 
(Qas) volcanoes to the west and valley-filling ignimbrites (Qri) to the east. 
A lava sampled about 1.5 k m  southeast of the El Sordo summit yielded a 
K-Ar date of 1.18 Ma. 

The lavas are mostly two-pyroxene basalts; blocky, euhedral 
phenocrysts include 25-35% plagioclase (<3 mm long), 2-8% 
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hypersthene (c1 mm), and 1% pigeonite (~1 .5  mm). The hyalopilitic 
groundmass shows patchy devitrification and sometimes trachytic 
alignment of clinopyroxene and plagioclase microlites . One sample 
contains up to 2.5% olivine. A sample from near the El Sordo summit 
contains 4% hornblende, completely replaced by Fe-Ti oxides. All of 
these lavas contain glomeroporphyritic clots of hypersthene and 
plagioclase. Laharic breccias mostly cover the outer flanks of El Sordo . 
Near Finca La Concepci6n laharic breccias partly bury a basaltic scoria 
cone. 

Pleistocene 

Pyroxene Andesite Lavas and Scoria Cones of Los Sitios (Qas) 
Los Sitios andesites (57-58 Wt.% Si02) crop out north of Chupadero 

crater, along the western flanks of El Sordo and Piedra Grande volcanoes. 
A sample from the northern rim of Chupadero crater yielded a K-Ar date 
of 0.8 Ma. Two major vents are the scoria and lava cone of Cerro San Luis 
El Volcancito and the lava cone west of Finca Miramar. These rocks may 
overlie lavas and laharic breccias of Piedra Grande (QTapg) and Pueblo 
Nuevo Viiias (cross-section G-G') in the north-trending valley along the 
west side of the larger Tecuamburro graben. 

The rocks are mostly two-pyroxene andesitic lavas with a'pilotaxitic 
groundmass of plagioclase laths, Phenocrysts include 25% plagioclase 
(e2 mm), 1-2% clinopyroxene (c0.5 mm), 1% Fe-Ti oxides, and a trace 
of olivine with reaction rims. They also contain traces of pyroxene- 
plagioclase glomeroporphyritic clots. Where faults cut these lavas, they 
are silicified and altered to clays. 

Pyroxene Andesite Stratovolcano Complex of Miraflores (Qam) 
The base upon which the younger Tecuamburro and associated 

domes (Fig. 1.3, map unit Qavpb) are constructed is the Miraflores 
stratovolcano. It  has an approximately14 km diameter base. The highest 
elevation is 945 m; at one time it was higher but the cone was truncated 
by sector collapse. Exposures along the southern slopes are poor, but 
generally there are massive andesitic lavas above and laharic breccias 
below elevations of between 700 and 800 m (there is a distinct break in 
slope around the southern flanks of the volcano at this level). There are 
also intermittent exposures of lavas in the crescent-shaped, east-facing 
scarp that wraps around the bowl in which the Tecuamburro domes grew. 

Miraflores lavas sampled are porphyritic andesites (Table 1.2 and 
Appendix B). The rocks contain 45 to 50% phenocrysts of mostly zoned 
plagioclase, with lesser hypersthene and Fe-Ti oxides. Many of the 
phenocrysts are bound up in glomeroporphyritic clots. Three sampled 
Miraflores andesitic lavas have K-Ar ages of 0.108 f .045 Ma, 0.094 f 
0.263 Ma, and 0.131 f 0.039 Ma. 
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Avalanche Deposits From Partial Collapse of the Mirafores Volcano 
(9avm). 

The large crescent-shaped crater of Miraflores Volcano, open to 
the east, was the basis for a search for a deposit resulting from sector 
collapse. Sector collapse of stratovolcanoes (composite cones) is a 
common phenomenon, observed most recently a t  the 1980 eruption of 
Mount St. Helens in the United States (Voight, et a1.,1981; Siebert, 
1984). Sector collapse may be caused by (1) deformation and steepening 
of a volcano's slopes by magma intrusion, (2) weakening of the volcano 
core by hydrothermal alteration, or (3) an earthquake. Deposits consist 
of megabreccias, frequently with blocks up to hundreds of meters wide, 
and have a characteristic hummocky surface. Hummocky terrain that is 
fairly common along the coastal plain of Guatemala is mostly the result of 
sector collapse of stratovolcanoes that form the Guatemalan highlands (W. 
I. Rose, Michigan Technological University, personal communication). 

The base of the Miraflores/Tecuamburro stratovolcanoes are 
exposed in the west wall of the canyon of the Rio Los Esclavos. Ixhuatan 
rocks are exposed along the river. East of the €30, on the lower slopes of 
Ixhuatan volcano, is a lobe of hummocky terrain, 3.8 km long, 3.2 to 2 
km wide, and -100 to 300 m thick. The river cuts through this 
hummocky terrain, and resulting canyon walls are the sites of huge 
landslides with movement down toward the river. The hummocky terrain 
is overlain by deposits of pyroxene-phyric pumice falls and ignimbrites. 

In the face of the active landslides, near the Rio Los Esclavos, the 
hummocky terrain consists of massive tuffaceous breccia, consisting of 
angular clasts of gray, red, and black porphyritic andesite a few cm to 2 
m in diameter. Lithic clasts make up -60% of the deposit. The matrix 
consists of coarse-ash- to block-size pyroxene-bearing pumice (not the 
younger pyroxene pumice, which overlies these deposits). A sample 
from similar deposits on the top of the hummocky surface (along the 
Quebrada de Qua)  is a hydrothermally-altered, block-bearing tuff; lithic 
clasts contain -40% phenocrysts of zoned plagioclase and orthopyroxene. 
Also exposed in the hummocky terrain are (1) conglomerates consisting 
of boulders of andesite or basaltic andesite and (2) massive andesitic 
l a w .  

Little or no evidence of a large sector collapse avalanche deposit is 
visible along the western canyon wall of the Rio Los Esclavos. Instead, 
younger deposits of pyroxene pumice ignimbrite, overlain by 
Tecuamburro lavas, are visible down nearly to river level. In a few spots, 
the ignimbrite overlies orangish-tan breccias, which appear to have been 
hydrothermally altered and are interpreted here as avalanche deposits or 
laharic breccias of the Ixhuatan complex. Upstream 1.5 km from the 
northern boundary of the mapped avalanche deposits, large slabs (tens of 
m long) of bedded tuffaceous mudstone, conglomerate, and laharic 
breccia tilt randomly in all directions and are unconformably overlain by 
volcanic breccias of Tecuamburro. These may have been part of a sector 
collapse, but the evidence for this is weak. 

Isolated outcrops in the hummocky terrain are not convincing 
evidence for a large avalanche deposit. However, the hummocky terrain, 
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best seen from a distant high point, on the map, or on aerial 
photographs, argues that the avalanche deposit theory reasonably explains 
the following observations: (1) the change in geomorphic expression of 
the slopes of the Ixhuatin volcanic complex: (2) the location of deposits 
from collapse that may have formed the large crescent-shaped crater on 
Miraflores volcano (no sector collapse breccias are visible on the coastal 
plain below Chiquimulilla) : (3) andesite blocks within this hummocky 
terrain are not similar to the distinctive andesites of Ixhuatan volcano, 
with their hopper-shaped plagioclase phenocrysts, but more like those of 
Miraflores and Tecuamburro; and (4) the Rio Los Esclavos has been 
dammed in the past, either by collapse avalanche deposits or lava flows, 
allowing the ponding and deposition of lacustrine sediments and 
ignimbrites upstream from the hummocky terrain. 

Pyraxene Andesite L a v a  of La Perlu (Qap) 
Within the crescent-shaped crater of Miraflores volcano, but 

overlain by the lava domes of Tecuamburro, are poorly exposed massive 
andesitic lavas (Table 1.3, and Appendix B) formed during an  early 
eruptive phase of Tecuamburro. The lavas are not distinctive, consisting 
of 35 to 50% phenocrysts of zoned plagioclase and lesser orthopyroxene. 

Pyroxene Andesite Pumice Fallout, Ignimbrite and Surge Deposits (Qai) 
Distinctive andesitic pyroxene-phyric pumice ignimbrite and surge 

deposits are exposed below lavas of Tecuamburro Volcano in the valley 
and canyon of the Rio h s  Esclavos, northeast, east, and southeast of 
Tecuamburro, and along the main stream through the Finca Vainillal. A 
similar pumice fall deposit drapes the terrain in the area of Tecuamburro 
and north for about 10 km (mappable deposit-stipple pattern, Plate 1). 
Carbonized wood collected from a 4-m-thick section of the pyroxene 
pumice northeast of Tecuamburro along Highway 16 (Table 1.3; Fig. 1.6) 
was dated, using the 1*C method, and has an age of 38300 f 1000 years. 
Because of intermittent outcrops, it is difficult to measure a volume for 
this deposit: it is, however, a major pyroclastic unit in this volcanic field, 
There appear to be several subunits within the pyroxene pumice 
deposits, but it is beyond the scope of this study to subdivide them. 
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Table 1.3. XRF analyses of pyroxene pumlce deposits (Qai). 

0 LOCATION 1 slmpla # 2 Si02 3 Ti02 4 Al203 5 Ce203 6 MnO 7 MgO 8 CaO 9 K20 10 Na20 11 P205 12 Total 

- 
P. Piedra Parada 

C .  Pena Blanca 

Qliquimulilla 

Chupadero 
F.  s .  Francisco 
Chupadero 
F. s. Francisco 

-=-_ -.- 
_I- 

GH-2-24-69-4 
GH-2-24-89-4 
01-2-22-89-4 
-2-22-894 
GH-2-24-89-2 
01-2-24-89-2 
7-9-88-12 
GH-2-25-89-4 
7-9-88-12 
GH-2-25-89-4 

55.74 0.80 
56.00 0.80 
57.65 0.65 
57.87 0.64 
59.42 0.67 
59.58 0.68 
60.26 0.58 
60.44 0.57 
60.78 0.58 
60.78 0.57 

18.45 8.27 0.17 3.22 7.42 0.72 3.63 0.20 99.01 
18.48 8.29 0.17 3.28 7.47 0.73 3.66 0.20 99.08 
18.98 7.32 0.14 2.81 5.05 0.96 3.00 0.10 96.84 
19.12 7.30 0.14 2.79 5.10 0.96 2.82 0.10 99.05 
18.69 7.54 0.13 3.29 5.82 0.72 3.19 0.13 94.18 
18.51 7.50 0.13 3.30 5.81 0.73 2.88 0.13 99.62 
17.11 6.40 0.14 7.46 5.50 1.23 3.06 0.06 96r80 
17.10 6.21 0.12 2.70 5.74 1.19 3.19 0.12 98.59 
17.11 6.48 0.14 2.47 5.47 1.21 3.23 0.06 97.53 
16.95 6.26 0.13 2.67 5.74 1.21 3.00 0.12 97.39 

- Soil 

Massive, normally graded ignimbrite, grading 
lrom 19-crndiameter pumice and blocks at 
the base up into coarse ash. 
Contains carbonized log at the base, dated with 
14 c method at 38,300 f 1000 years. Logs are 
oriented N30E to N50E 

-Bedded medium-to coarse ash in 3 cm thick beds. 
Some surge cross bedding. Includes carbonized 
logs. 
-Massive pumice fallout bed, consisting of 
subrounded pyroxene-pumice (mean size -1 cm) 
maximum pumice = 7 cm. 

Fig. 1.6. Pyroxene Pumice deposits (Qai) exposed along the lower northeastern flank of 
Tecuamburro Volcano. 

Pyroxene Pumice Deposits Near Chupadero Crater (Qai). North 
and east of the Chupadero crater (Fig. 1.3), the older andesitic 
stratovolcanoes are partly covered by pumice fallout deposits with a 
maximum measured thickness of >4 m (at Finca San Francisco). 
Thicknesses of this pumice mantle decrease toward the east and west: 
e.g,, the mantle thins to 1 m at Finca Concepci6n. The pumice mantle 
thickens toward both the Chupadero crater and the vents for the earliest 
eruptions of Tecuamburro. The massive deposits consist of mostly light 
tan pumice lapilli in a coarse ash matrix; at  this location, there are no 
visible lithic clasts. The pumices are porphyritic, containing about 15% 
phenocrysts of zoned plagioclase, orthopyroxenes, and Fe-Ti oxides. The 
vesicularity ranges from 62 to 69%; vesicles are ovoid, ranging in length 
from 10 to 200 pm and are radial to phenocryst surfaces (Fig. 1.7). 

Two meters of light tan massive ignimbrite are exposed 
intermittently along the road between Finca Vainilla and the village of 
Chupadero, near Laguna Ixpaco and west of Ixpaco village. This unit 
consists of 4 tol0-cm-diameter, equant pumices in a medium ash matrix. 
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Fig. 1.7. Scanning electron micrograph of a polished thin section of a pyroxene pumice 
clast collected from a 4-m-thick pumice fallout deposit north of Chupadero crater, Vesicles 
make up 65Oh of these pumices, which contain 15% phenocrysts of plagioclase. 
orthopyroxene. and Fe-Ti oxides. Note the radial vesicle orientations around phenocryst 
surfaces. 

The pumice contains 20% phenocrysts of plagioclase and minor K- 
feldspar, orthopyroxene, and Fe-Ti oxides and has a vesicularity of 36%. 

Pumice deposits near Chupadero crater are similar, but not 
identical to pyroxene pumice deposits along the easterri slopes of 
Tecuamburro and along the Rio LQS Esclavos. The pumices in the fallout 
deposits have vesicularities ranging from 62 to 69%. whereas the 
pumices from the ignimbrite have a vesicularity of around 35%. The 
Chupadero pumices are more silicic (60.2 to 60.8 Wt.% Si02) than the 
deposits east of the area (55.7 to 59.6 Wt.% Si02) (Table 1.3). These may 
be different phases of one eruption, as they are all about the same level 
stratigraphically, but they could also be interpreted as being from 
separate eruptions. 

Pyroxene Pumice Deposits Along the Rio Los Esclauos (Qai). The 
best exposures (and most inaccessible) of the pyroxene pumice tuff 
deposits are along the Rio Los Esclavos, where they occur as arroyo- and 
valley-fills. These deposits range in thickness from 5 to 6 m on the 
slopes of Tecuamburro and to 150 m on the slopes adjacent to the KO 
Los Esclavos, east of Tecuamburro. 

The arroyo-filling pyroxene pumice deposits east of Tecuamburro, 
with maximum thicknesses ranging from 60 to 150 m consist of a basal 
pumice fallout (c2 m thick), overlain by massive, nonwelded pinkish-tan 
ignimbrite. There are stringers of lithic clasts throughout the ignimbrite 
(Fig. 1.8). The river has cut down through these deposits to underlying 
river gravels that appear to identify its pre-emption level. Along terraces 
above the river, between paleoarroyos, the deposits consist of a thin (e5 
m) sequence of pumice fallout, overlain by wood-bearing, cross-bedded 
surges and thin ignimbrites (Fig. 1.6). There is a thin grey pumice fallout 
and ignimbrite (3m thick) 3 km below the entrance to the canyon of the 
Rio Los Esclavos that is Anterbedded between two thin tan ignimbrites: 
this gray ash was not seen anywhere else in the area. 
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binted lava flow 

fills paleoarmyo. 
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glomerate (river gravels). 

thered andesitlc breccia. 
r level 

Summit 

I) Jointed andesitic Eoiclastic sediments I 

East bank, Rio Los Eaclavos, -3.2 km 
ESE of Tecuamburro summit. 

Fig. 1.8. Sketches of stratigraphic sections of cliffs along the Rio Los Esclavos, east and 
southeast of Tecuamburro Volcano, showing thick pyroxene pumice ignimbrites, canyons 
cut into those ignimbrites, and valley-filling andesitic lava flows from Tecuamburro 
Volcano. 

Upstream from the deep canyon of the Rio Jhs Esclavos, within the 
broad valley below Cuilapa, some of the distal portions of the pyroxene 
pumice tuffs are exposed near the contact with overlying biotite- 
hornblende ignimbrites. An exposed section near Finca Concepcion 
consists of 30 cm of pumice fallout, overlain by two nonwelded 
ignimbrites, separated by 10 cm of coarse ash fallout (Fig. 1.9). 

f 
E 
(v 

"'t E 

Cr)  

Soi I 
Massive tan block and ash flow contains 
-40% blocks up to 40 cm long in a matrix 
of coarse ash and lapilli. 

Coarse ash and lapilli fall with 10% lithic 
clasts. 

Massive tan block and ash flow, consisting 
of 40% pumice blocks in a coarse ash and 
lapilli matrix. There are pods of lithic-rich 
tuff, containing clasts of hydrothermally 
altered andesitic lava. 

Pumice fallout deposit. 

Fig. 1.9. Stratigraphic section of distal pyroxene pumice deposits (Qai), near Finca la 
Concepci6n. 
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Downstream, near Chiquimulilla, the pyroxene pumice ignimbrites 
spread out onto the coastal plain. Thicknesses range from 5 to 10 m. 
The pinkish-tan, graded ignimbrites consist of equant, subrounded 
pumices (up to 12 cm in diameter) in a matrix of coarse ash. They 
contain el% andesitic lava lithic clasts. 

Most of the ignimbrites consist of porphyritic pumices with 18 to 
2 1 % broken(subhedra1) phenocrysts (plagioclase>> orthopyroxene> 
clinopyroxene> Fe-Ti oxides) and vesicularities of 45% (Fig. I. 10). 
Vesicles are spherical to ovoid and 10 to 100 pm long: there is radial 
vesicle growth from phenocryst surfaces. Distal deposits, exposed near 
Finca La Concepci6n, are coarse crystal tuffs, with concentrations of 
phenocrysts (72%) and andesitic and sandstone lithic clasts (14%). Si02 
contents range from 55.7 to 59.6% (Table 1.3); these pumices are also 
more calcic than those around the Chupadero crater. 

A minimum estimate of the volume of pyroxene pumice deposits is 
0.8 km3; the dense rock equivalent (DRE) is 0.41 km3. This is a 
substantial amount of pyroclastic material for a dome complex (ifit is 
from Tecuamburro), where volumes are usually ~ 0 . 1  km3 (Heiken and 
Wohletz, 1987). I t  is a reasonable volume for pyroclastic material erupted 
from a small caldera, which may be indirect evidence for its eruption 
from Chupadero crater. 

Fig. 1.10, SEM of polished thin section of pumice collected from the pyroxene pumice 
deposits (Qai) near Chiquimulilla. Pumice vesicularity is  45%: it contains 2 1% 
phenocrysts of plagioclase, orthopyroxene, clinopyroxene, and Fe-Ti oxides. 
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Mediumgrained pyroclastic flow. 

Plinian pumice fall, medium 
grained, bedded. 

Baked silty soil. 

Fine-grained pyroclastic flow. 

Fig. I. 11. (a). Stratigraphic section of rhyolitic ignimbrite along the Rio El Azufre. (b). 
SEM of the valley-filling hornblende-biotite rhyodacitic tuff . Rounded pumice clasts are 
scattered throughout a matrix of pointed and angular shards. 

HornbZende-Biotite Rhyodacitic Ignimbrite (Qri) 
The northern ends of north-south-trending valleys that flank the 

volcanoes within the Tecuamburro graben are partly filled with biotite- 
hornblende-bearing rhyodacitic ignimbrites (Figs. 1.3, I. 1 la). 

Ignimbrites exposed in the valley of the Rio Los Esclavos are 
massive, nonwelded, light tan or gray, consisting of 1-4-cm pumice 
clasts in a matrix of medium ash. The medium- to fine-grained ash 
consists of mostly (63%) colorless shards derived from a pumiceous melt 
with narrow, elongate vesicles: disruption of this melt produced needle- 
and tube-shaped shards (Fig. Lllb).  It also contains 10.4% phenocrysts 
(plagioclase>K-feldspar>biotite>Fe-Ti oxides>hornblende; see Appendix 
B) and rounded andesitic and siltstone lithic clasts (9.3%). These 
ignimbrites have not been dated, but they are probably too young for K-Ar 
dating techniques. They best correlate with the Amatitlan L deposits, 
with their petrographic characteristics and bulk chemical composition 
(Wunderman and Rose, 1984). and with Si02 contents of 68.5 to 71% 
(Fig. 1.5; Table 1.3). They are notably less silicic than tuffs of the Ayarza 
calderas, which are 50 km north of the area and on the same watershed 
(Fig, 1.5; analyses from Peterson and Rose, 1985). 

Within the western mapped area, the ignimbrites are well exposed 
by erosion along the Rios La Plata, Las Cadenas, and El Azufre and in 
western areas along the Rio Aquacapa, where it fills valleys and has 
thicknesses of up to 40 m; these ignimbrites contain pumices 15-20 cm 
long. Along the Rio El Azufre two major ignimbrite flow units are 
separated by 4 m of Plinian pumice fallout (Fig. I. 1 la), which contains 4 
mm-diameter pumices and abundant basaltic/andesitic lava lithic clasts. 
Within the northeastern part of the mapped area, Qri becomes noticeably 
finer grained (maximum pumices of 5 cm) and the phenocryst content 
decreases to <1%. 
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Pyraxene Andesite Lava Dome of Tecuamburro (Qat) 
Volcan Tecuamburro, with elevations of 1640 m (summit crater) 

and 1845 m (Cerro La Soledad), consists of a WNW-trending ridge made 
up of mostly lava flows with interbedded laharic breccias and vulcanian 
tuffs. The volcano was built within the collapse crater of Miraflores 
volcano on a base sloping to the east at about 11". The base of the 
Tecuamburro volcano is about 4 x 5 krn. A closed summit crater is 250 x 
150 m, 20 m deep, and is located in a flat summit area. 

At the summit and along the upper slopes of Tecuamburro, there 
appear to be mostly massive gray to light gray basaltic andesite flows 
(Si02=52.01 to 53.21%). An exception to this is the overlapping 
andesitic dome of Cerro la Soledad, with a Si02 content of 60.2%. All 
lavas overlie the pyroxene pumice, dated at 38300 f 1000 years. The 
lavas are too young for accurate dating with the K-Ar method (Table 1.1). 

Along the lower slopes there are matrix-supported laharic breccias 
interbedded with the lava flows (Fig. 1.12). There are also interbeds of 
scoria, with bombs up to 10 cm long, and surge deposits consisting of 
lithic tuffs containing accretionary lapilli and traces to 12% pumice (Fig. 
I. 13 and Appendix B). At the base of the volcano, lava flows and laharic 
breccias are restricted to paleocanyons, cut into the underlying pyroxene 
pumice ignimbrites. 

L Well-developed so11 
Crudely graded, matrix-supported breccia. There 
1s a concentration of blocks In the lowest 1-2 m. 

7-9-88-2 

Clast-supported agglomerate 
'(angular andesitic clasts) 

Medium to light gray, Jolnted 
I andesite flow contains 
glomeroporphyrltlc clots 
with reaction rims. 

Matrix-supported breccia, consisting of angular 
to subangular blocks of porphyritic, Two-pyroxene 

contact 1s Irregular and cuts Into the underlying 
breccia as channels. 

andesite. Blocks are up to 2-5 m long. The basal 

Dark gray andesite breccia, conslstlng of angular blocks up to 2 m long 
Dark gray lithic lapllli luff. 

Fig. I. 12. Stratigraphic sections along the eastern slopes of Tecuamburro Volcano. (a). 
Massive andesitic lava flows, overlain by a clast-supported agglomerate. (bl. Laharic 
breccias and vulcanian agglomerates interbedded with andesitic lava flows. 
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Fig. 1.13. SEM of a polished thin section of lithic ash from tephras interbedded with lava 
flows on the eastern slopes of Tecuambumo Volcano. Most of the pyroclasts consist of 
largely andesitic lava clasts and mineral fragments but contain 12Oh andesitic pumices. 
Most of the clasts are rounded and show some degree of hydrothermal alteratlon. 

The lavas are porphyritic, with 46 to 50% individual phenocrysts 
(100 pm to 3 mm) and glomeroporphyritic clots consisting of mostly 
zoned plagioclase, with lesser orthopyroxene (hypersthene) 2 
clinopyroxene (augite) > olivine > Fe-Ti oxides (see Appendix B). 

Pyroxene Andesite Lava Dome of San Francisco (Qasf) 
A 1.5-km-diameter crater immediately west of the Tecuamburro 

lava dome(s) contains the fumaroles of Mina de Azufre, the dome of San 
Francisco (named after Finca San Francisco Tecuamburro), and the dome 
of Cerro Pelia Blanca. The crater cuts the pyroxene andesitic lavas of La 
Perla (Qap) and the lavas of Tecuamburro (Qat). Rocks along the 
southeastern margin of the crater are hydrothermally altered to 
tridymite, cristobalite, and an amorphous phase and contain active 
fumaroles, 

The San Francisco dome is 750 m in diameter, 120 m high, and 
has a 120-m-diameter, shallow crater located on the western summit 
area. It consists of medium gray, flow-banded andesite. The lower 
flanks of the dome are covered with a breccia collar that could be talus 
from the dome or a small tuff ring: the exposures are poor. 

The porphyritic andesite lava of the San Francisco dome consists of 
45% phenocrysts in a glassy, diktytaxitic groundmass. It is a two- 
pyroxene andesite (hypersthene and augite) with Fe-Ti oxides and a trace 
of hornblende. 

Hornblende Dacite Dome of Peiia Blanca (Qdpb) 
Peiia Blanca Dome, with an elevation of 1840 m and a basal 

diameter of about 1.5 km, is one of the largest domes of the Tecuamburro 
complex, I t  is located within the crater of Mina de Azufre and rises 500 
m above the crater floor. The northern part of the dome has collapsed, 
leaving a 1-km-wide scarp above a debris avalanche: the avalanche is 
described below. 
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Lava at the base of the dome is a massive light gray dacite (verging 
on the classification border with andesite, with a Si02 content of 62.4%). 
Sulfur-depositing fumaroles are located at the base of the avalanche scarp, 
which is nearly vertical. 

The dome rock near the summit is a porphyritic andesitic dacite 
with 50% phenocrysts of plagioclase >> orthopyroxene (hypersthene) > 
hornblende in a hyalocrystalline matrix (Appendix B). The hornblende 
occurs as glomeroporphyritic clots with plagioclase and orthopyroxene. 

Undiflerentiated Olivine-Bearing Basaltic Scoria Cones and L a v a  (Qb) 
Within the northern part of the map area, the youngest rock units 

are the scoria cones and associated lava flows that lie across the 
Jalpatagua fault zone near the towns of Cuilapa and Barberena. These 
probably are Holocene, overlying the nonwelded ignimbrites of Amatitlan; 
the cones and flows are well presenred and often have poorly-developed 
soil profiles, 

The lavas consist of 10 to 34% phenocrysts of plagioclase, 
clinopyroxene, olivine, and Fe-Ti oxides in a trachytic, diktytaxitic 
groundmass. The clinopyroxenes, usually pigeonite and aegerine-augite, 
occur in glomeroporphyritic clots. One of the lava samples contains 
quartzose sandstone xenoliths; the quartz has reaction rims and the clay 
matrix is altered to chlorite (Appendix B). These lavas are closest in 
chemical composition to alkali-olivine basalts (Table I .2). 

I 

Phreatic mfl Ring and Enclosed Acid lake of Laguna Ixpaco (Qtr) 
Laguna Ixpaco is an a.cid sulfurous lake 360 m in diameter, located 

within the Chupadero crater, 3 km north of Cerro Pelia Blanca. The 
crater lake is surrounded by a tuff ring with a diameter of about 1 krn and 
a 10 to 20-m-high crater rim. The southern part of the crater rim is 
partly buried by an avalanche deposit from Cerro Pefia Blanca. 

The tuff ring consists of poorly bedded, white to light gray breccia 
that consists of relict acid-altered pumice and crystal and lithic clasts. 
Where exposed along the eastern crater rim, there are two depositional 
units: (1) a lower, 6-m-thick, massive white breccia, and (2) an upper, 4- 
m-thick, poorly bedded unit, consisting of alternating white and pink, 4- 
cm- to 1-m-thick beds (Fig. 1.14a). 

Along the northeastern rim of the crater are two exposed units: (1) 
massive, acid-altered tuff, thickness unknown; and (2) a poorly-bedded, 
acid-altered, pumice-rich unit, with patches of orange stain. Separating 
these two units is a 5- to 40-cm-thick organic-rich zone that was dated 
using the 14C method at 2910 rt 70 years (Fig. 1.14b). The lower unit 
appears to be in place and may be the "country rock" through which the 
Ixpaco phreatic crater erupted, or it may be a lower phreatic ejecta 
deposit, for which we do not see the base. If the latter hypothesis is 
correct, then there have been two phreatic eruptions at Ixpaco, 
separated by enough time for several centimeters of organic material to 

I 
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Poorly bedded phreatic breccla, 
a) 

may be: 
(1) Phreatic breccia, or 
(2) Hydrothermally altered - '* pumicedepcsitsunderlying 
ejecta from the phreatic Northeastern rim, lxpaco Crater 

(attitude NlO'W; 22' E). '., 0 b,', 

Eastern Rim, lxpaco Crater 

Fig. 1.14. Stratigraphic sections through the phreatic tuff ring around Laguna Ixpaco: (a). 
Eastern rim, behind the abandoned sulfur works. (b). Northeastern rim, along the road to 
Ixpaco village. 

The two units above the organic-rich zone have been altered to 
mostly smectite and kaolinite, with lesser amounts of alunite, authigenic 
quartz and feldspar, jarosite, and cristobalite. The breccias underlying 
the organic-rich zone are mostly kaolinite and halloysite (?), with lesser 
quartz, cristobalite, feldspar, and alunite (3). 

The phreatic breccias were sampled to determine what rock types 
are represented to infer what underlies the phreatic crater. The rocks 
are completely altered by acid fluids, but relict textures remain. 
Enhanced SEM images allow identification of clast types (Fig. 1.15), 
which include (1) medium-ash size to blocks of pumice, with 40 to  50% 
vesicles (small, ovoid shapes), (2) andesitic lithic clasts, and (3) 
plagioclase and pyroxene. A comparison of these samples with the clast 
types, shapes, and sizes was made with Tecuamburro lithic ashes and the 
pyroxene pumice deposits (Fig. 1.16). The phreatic deposits are most 
similar to the pyroxene pumice deposits when numerical comparisons 
are made between clast size and shape; this is reasonable, for in outcrops 
closest to Laguna Ixpaco there are pyroxene pumice ignimbrites. 
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Fig. I. 15. SEM images of polished thin sections of the matrix of phreatic breccia from the 
tuff ring around Laguna Ixpaco: a). Lowermost unit, from eastern crater rim. All of the 
clasts have been altered to clays, but relict textures reveal a mixture of pumice clasts with 
vesicularities of around 40-50%, andesitic lithic clasts and plagioclase and pyroxene: b) . 
Upper unit, eastern crater rim. Hydrothermally altered pumice lapillus. Most of this 
deposit consists of coarse pumice pyroclasts: c). Upper unit northeastern crater rim. 
Mostly relict pumice pyroclasts; and d). Close-up of pumice pyroclasts from the sample 
shown in "c". 
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Fig. I. 16. Comparison of breccia matrix from the Ixpaco tuff ring with the pyroxene pumice 
deposits (Qai) and Tecuamburro lithic ash (Qat). SEM views of polished thin sections: a). 
Lithic ashes from interbeds within lava flows on Tecuamburro (upper two frames), 
compared with phreatic debris from Ixpaco (lower two frames). These clastic rocks are not 
similar in texture; and b). Ixpaco debris (right), compared with coarse ash from distal 
pyroxene pumice deposits (left). The mixture of pumice and phenocrysts and pumice shapes 
are similar. 
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Avalanche Deposits From Partial Collapse of C e r o  Peiia Blanca (Qavpb) 
Three lobes of debris avalanche deposits extend north from a nearly 

vertical scarp on Cerro PeAa Blanca, covering an area of about 7 km2. The 
hummocky surface and lack of soil on these deposits is evidence for their 
youth. They overlie the southern rim of the Ixpaco phreatic crater, 
which has been dated at, 2910 * 70 years. The debris flows have 
hummocky surfaces littered with blocks of dacitic andesite (containing 
hornblende, plagioclase, and two pyroxenes) ranging in size from e1 m 
to >20 m; flow surfaces are clast supported. 

An exposure of the eastern margin of the easternmost lobe of the 
debris flows is shown in Fig. I.17a. The 0.8 m-thick section of breccia is 
reversely graded, from a matrix-supported base to clast-supported top: 
clasts range in size from less than 100 pm to many meters long. The 
matrix is composed of a very poorly sorted mixture of andesitic lithic 
clasts, mineral clasts and rare pumice grains (Fig. I. 17b). 

Edge of a massive, hummocky debris flow (deposit 
from Cerro Pena Blanca). Blocks range in size from 
5 cm to many m long. The deposit is monolithologic, 
consisting of fragmented andesitic lavas. Matrix 
consists of purple-coarse sand and pebbles of the 
same rock types. 

___________.. 

Massive pumiceous block and ash flow, consisting 
of pinkish-tan pyroxene pumice. Contains 5% andesitic 
lithic clasts, many of which are hydrothermally altered. 

Fig. 1.17. a). Stratigraphic section of the edge of an avalanche deposit from Cerro Pefia 
Blanca (Qavpb). b). SEM image of a polished thin section of the matrix from the avalanche 
deposit. It consists of very poorly sorted andesitic lithic clasts, mineral clasts and rare 
pumice grains. The pumice was possibly derived from the underlying block and ash flow. 

D. STRUCTURAL FRAMEWORK 

The geologic map (Fig. 1.3) illustrates four structural components 
within and bounding the Tecuamburro graben and volcanic centers: (1) 
N-S-trending normal faults that define the graben and offset rocks within 
it: (2) strike-slip and associated reverse faults of the Jalpatagua fault zone: 
(3) NW-SE-trending normal faults within the graben: and (4) collapse 
faults associated with volcanic vent areas. 
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The Tecuamburro graben belongs to the group of roughly NQS- 
trending grabens found in southern Guatemala that may be expressions of 
extension or segmentation within the subducting Pacific plate (Burkhart 
and Self, 1985). This graben has a well-defined western boundary 
(normal faults; see Fig. 1 . 3  and cross sections F-F and G-G' in Appendix 
A). The eastern margin is less obvious, consisting of a zone of "E- and 
N-trending normal faults on the western slopes and summit region of 
Uluatiin. Displacements along graben-bounding faults are not known. 

The Jalpatagua fault system is a major regional structure that is well 
defined by satellite imagery, by stratigraphic discontinuities (Carr, 1976), 
and topographic expression. From Barberena to Oratorio (15 km east of 
Cuilapa), the fault zone is well defined by steep fault scarps, linear valleys, 
and sag ponds. Lavas and tuffs along the fault are broken into cataclastic 
breccias; nonwelded tuffs are sheared and former phenocrysts are 
present only as rock flour. East of Oratorio, in the Jalpatagua Valley, 
there is a considerable vertical slip component and a well-defined, 400- 
m-high scarp, down to the south. The sense of strike-slip movement is 
generally thought to be right lateral, as defined by drainage channel offset 
and sense of motion on reverse faults exposed south of the fault. Right- 
lateral movement along the Jalpatagua fault is also consistent with the 
model of eastward motion of the Caribbean plate in central Guatemala 
(Newhall, 1987). The offset of a north-south line of cinder cones across 
the Jalpatagua fault at Barberena may be interpreted as evidence for left- 
lateral movement. 

NW-trending normal faults are the dominant structures within the 
Tecuamburro graben. These faults intersect or merge with north- 
trending normal faults near the western edge of the graben (Fig. 1.3). 
Some of these faults bound large areas of hydrothermal alteration within 
the andesitic composite cones north of Tecuamburro. Lines of mud 
volcanoes located 1 km west of Laguna Ixpaco, fissures for hot springs at 
Colmenares, and lines of vents on the Tecuamburro volcano group of lava 
domes all reflect this NW-SE structural trend. Faults passing close to the 
northern boundary of Chupadero crater may serve as a boundary between 
a hydrothermal system associated with Tecuamburro Volcano/Ixpaco and 
a possible second system associated with older composite cones located 
north of Ixpaco (see Chapter 111). These faults are exposed along the Rio 
Los Esclavos northeast of the summit of Tecuamburro (Fig. 1.18). 

within the northern third of the Tecuamburro graben, high-angle 
reverse faults are visible along the highway between Cuilapa and 
Chiquimulilla (Fig. I. 19). these are extensions of "E-trending ridges, 
which appear to intersect the Jalpatagua fault zone at an  acute angle; 
however, they are buried by younger tuffs and basalt flows near the 
proposed intersection. 

Pueblo Nueva Viiias (Tap), Piedra Grande (QTapg), and Miraflores 
(Qam and Qavm) are three large composite cone sector collapse craters 
in the area. Although they are not classified as sector collapse craters 
here, the northern flanks of the domes of early Tecuamburro (Qat) and 
Peda Blanca (Qdpb) have collapsed to form extensive debris avalanche 
deposits. 

Tecuamburro 32 



The most important structural feature related to hydrothermal 
systems is the Chupadero crater (Fig. 1.3). This crater, which is overlain 
on several sides by younger volcanic deposits, contains the phreatic 
crater of Laguna Ixpaco and several other sites of fumaroles and boiling 
springs (see Chapter I11 for exact locations). 

I 

Fig. 1.18. Traces of normal faults along the Rio Los Esclavos, northeast of the Tecuamburro 
summit and east of Chupadero. 
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Fig. 1.19. Low-angle reverse faults exposed along Highway 16, near Cuilapa (see Plate 1 for 
fault locations). 

E. DISCUSSION AND CONCLUSIONS 

Tecuamburro Volcano lies within a 20-km-wide, N-S trending 
graben, which we informally call the Tecuamburro graben. The graben is 
terminated at the strike-slip Jalpatagua fault zone on the north and is 
buried on the south by Pacific coastal plain sediments. The graben is 
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flanked on the east and west by the older andesitic to dacitic volcanic 
complexes of Pueblo Nuevo Vifias and Ixhautan. Graben-bounding faults 
cut the flanks of these volcanoes, but their principal eruptive centers lie 
outside the graben. 

Structures within the graben include arcuate faults associated with 
the larger craters, steeply dipping, NW- to north-trending normal faults 
and moderate- to low-angle reverse faults. Hot springs, boiling springs, 
and fumaroles are associated with some of the volcanic craters and with 
the NW-trending faults. Zones of permeability are believed to exist under 
many of the craters, especially the phreatic crater of Ixpaco, and along 
some of the NW-trending faults. Careful identification of these structural 
zones is important in iden t iwg  the locations of exploration coreholes. 

Volcanic vents and associated eruption products within the 
Tecuamburro graben are generally younger from the north toward the 
south. Ages of these volcanoes range from somewhat greater than 1 Ma 
to less than 38300 years old. Powerful steam explosions that formed the 
crater containing Laguna Ixpaco occurred as recently as 2910 years ago. 
Part of the nearby Pefia Blanca dacite lava dome collapsed to form a 
debris avalanche that covers the southeastern rim of the Ixpaco tuff ring: 
thus the debris avalanche is younger than 2910 years but we do not know 
if the eruption that formed the Peiia Blanca dome is this young. Collapse 
may have been related to seismic activity or hydrothermal alteration of its 
core. 

Cerro PeAa Blanca and adjacent domes (San F'rancisco, El Soledad, 
and Tecuamburro) are all less than 38300 years old. We conservatively 
estimate that 50 k1n3 of magma was erupted from closely spaced vents in 
the southern quarter of the Tecuamburro graben during the past 100000 
years, that several km3 make up  the Pefia Blanca-La Soledad- 
Tecuamburro-San Francisco volcanoes and that 0.4 km3 (minimum) make 
up the pyroxene pumice deposits. 

Simple models of conductive cooling of magma in the crust, 
constrained by a combination of ages and eruption volume, suggest that a 
magma body or a group of magma bodies underlie the area of most recent 
volcanism. If Chupadero crater is the source of the pyroxene pumice 
deposits and is a small caldera, it is possible that a dacitic magma body is 
the heat source for Laguna Ixpaco and nearby fumeroles and springs. The 
dacites of Peiia Blanca are among the most silicic rocks of the area, which 
is also suggestive of a shallow (<lo km), differentiated magma reservoir 
located below the Tecuambiirro-Chupadero area. 

The hypothesis that a magmatic crustal heat source is centered in 
the southern part of the Tecuamburro graben is strongly supported by 
chemical geothermometers (see Chapter 111). The highest calculated 
temperatures of about 308°C are for gas samples collected at Laguna 
Ixpaco and at the base of the PeAa Blanca dome. Chemical 
geothermometry for samples collected at hot springs and fumaroles 
located north, east, and southeast of this group of young volcanoes 
indicates temperatures of no more than 165OC. 

We propose drilling an exploratory corehole beneath the southern 
part of the graben after considering the multiple lines of evidence for a 
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crustal heat source centered there. The presence of a young, large 
phreatic crater at Laguna Ixpaco, fumarole fields near the lake, and the 
high gas geothermometer temperatures are all indicators of the presence 
of a hydrothermal system or associated upflow zone within the Chupadero 
crater. Preliminary electrical resistivity data collected along lines 
crossing Chupadero crater indicate the presence of a WNW-trending zone 
of low resistivity that passes through Laguna Ixpaco and a cluster of 
fumaroles located 1 km WNW of the crater. This conductive zone is 
parallel to the trend of normal faults within the Tecuamburro graben and 
may mark a fault zone that serves as a conduit for thermal fluids, beyond a 
hypothetical zone of hydraulically fractured rocks underlying the Laguna 
Ixpaco phreatic crater. We recommend that an exploration geothermal 
gradient corehole be drilled midway between Laguna Ixpaco and a cluster 
of fumaroles 1 km WNW of Ixpaco. 
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XI, T H E  U S E  O F  R A D O N  E M A N O M E T R Y  I N  T H E  
TECU'AMBLIRRO GEOT'RWU PROSPECT 
(A. I. Adams,l+K, H, Wohletz,l L. W. Maassen,l F. E. Goff,1 and Alfred0 
Roldh-Me2) 

A. INTRODUCTION 

Radon-222 occurs in steam, has a short half-life, is almost inert, and 
is relatively easy to detect. I t  is ideal for locating some geologic structures. 
Radon detectors were emplaced in three lines across the Tecuamburro 
geothermal prospect of Guatemala. Although several techniques were 
employed to hide and relocate the detectors, the recovery rates were low on 
two of the three lines. Radon anomalies along the line from Tecuamburro 
Volcano to Finca La Pastoria show good correlation with faults, geologic 
contacts, and with a zone containing steam-condensate thermal waters 
north of Laguna Ixpaco, The data may also indicate the existence of a 
hydrogeochemical barrier (aquitard) along the north edge of the postulated 
liquid-dominated reservoir beneath Laguna Ixpaco. 

The use of radon detection as a tool in geothermal exploration has 
been described by Whitehead (1981), Wollenberg (1976), Thomas et al. 
(1980). Cox (1981), Cuff (1982) and Gutierrez-Negrin (1985: 1987). 
Because radon is present in geothermal steam (Belin, 1959; Whitehead, 
1981) and is transported in the gas phase to the surface through the path 
of least resistance (Whitehead, 1981). it can be very useful for locating 
faults and fractures in geothermal areas (Gutierrez-Negrin 1985; 1987). 

At the request of the Instituto Nacional de Electrificacibn (INDE), Los 
Alamos and Guatemalan scientists emplaced 264 radon detectors along 3 
lines intended to intersect major structures in the Tecuamburro Volcano 
geothermal area. Line "A" was surveyed with emplacement intervals of 100 
m along a north-south transect from the north flank of Tecuamburro 
Volcano to  the Finca La Pastoria area in hopes of detecting major 
structural boundaries or anomalies associated with the Tecuamburro 
geothermal reservoir (Fig. 11.1). Lines "B' and "C" were surveyed with 30-m 
emplacement intervals in hopes of detecting structures near Colmenares 
hot springs and Rio Los Esclavos, 

1. Earth and Environmental Sciences Division, Los Alamos National Laboratory, Los 
Alamos, NM 87545. 

2. Unidad de Desarrollo Geotihnico, Instituto Nacional de ElectrificaciGn, Guatemala 
City, Guatemala. 
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Fig. II. 1. Location map of Tecuamburro Volcano region, Guatemala, showing three radon 
detector traverses. 



B. BACKGROUND 

Radon is a noble gas that is almost inert, bonding only with fluorine 
and oxygen, At temperatures above -61.8OC, radon occurs only as a gas in 
the natural environment (Cotton and Wilkinson, 1972). Rn-222 (the most 
common isotope) is a daughter product of the decay of U-238 and has a 
half-life of 3.825 days (Nielson, 1978). Its short half-life makes it ideal for 
locating geologic structures in a geothermal environment, because the gas 
can only move short distances from its source. Rn-222 is able to migrate 
through soil as a gas, and it circulates as dissolved gas in geothermal 
fluids. In geothermal fluids Rn-222 follows the noncondensable gas phase, 
separates into vapor as the ascending liquid boils, moves in the vapor to 
the near surface, and concentrates in residual noncondensable gas as 
steam decompresses, cools, and condenses (Nielson, 1978). Where faults 
are active as zones of increased permeability, relatively large amounts of 
radon gas can migrate to the surface and be detected. However, if the fault 
is sintered and sealed, it may not allow the gas to migrate and a radon 
anomaly will not exist. 

The radon detector used for this study is a specially treated dielectric 
material attached to the inside of an inverted cup. The dielectric material 
is susceptible to radiation damage from alpha particles given off by 
disintegrating radon atoms. The damage is detected by etching and 
microscopic examination. The track etch concept (Fleisher et al., 1972) 
was modified by the Terradex Corporation (Alter and Price, 1974) and 
provides a passive time-integrated radon concentration measurement 
(Wollenberg, 1976). The inverted cup is placed in a hole 30-40 cm deep 
and covered with rock and soil. The thick wall of the cup eliminates any 
stray alpha particles from entering laterally; therefore, the only radon 
measured is from the soil or rock directly beneath the inverted cup. 

C. EMPIACEMENT 

The emplacement and recovery of radon detectors used in geothermal 
exploration are not trivial. One must be concerned with locating the 
detectors after a considerable time has elapsed. Much thought went into 
the development of the emplacement procedures, and our system evolved 
as we progressed. 

We worked in three teams. The first team dug 264 holes, 30-40 cm 
deep and 10 cm in diameter. The digging team used a 100-m-long rope to 
measure the distance between holes. The second team labeled the detector 
serial number and hole number on a small piece of plastic. The cups 
containing the detectors were buried at the bottom of the hole, and a large 
nail was placed above t he  cup about 2-5 cm below t he  soil surface. The 
piece of plastic (with serial number and hole number) was placed over the 
filled hole. A large rock was placed over the plastic and painted a bright 



color. The third team checked the plastic label under the rock, cut a blaze 
mark into a tree or other permanent landmark, drove a nail into the blazed 
tree pointed roughly in the direction of the hole, painted the nail and blaze, 
and recorded the hole number, serial number, distance and azimuth of the 
hole from the landmark. 

The following steps were taken to insure location of the burial site: 
where it was possible, dug the holes in inconspicuous places: 
after emplacement, placed and buried a large ferrous object (in most 
cases a large nail) in the hole above the cup for later location using 
a metal detector: 
blazed a "permanent landmark' (tree/fence post) with a machete: 
drove a large nail into the blaze, pointed in the direction of the hole: 
painted the blaze and nail; 
measured the distance from the landmark to the center of the hole: 
and 
took a bearing or azimuth with a compass from the nail to the 
center of the hole. 
Our rationale was that,, upon returning, we would locate the blazed 

landmark and nail, find the painted rock, and carefully dig out the 
detector. If we were unable to locate the painted rock at a given site, we 
measured the appropriate distance along the azimuth to the hole. If we 
were unable to locate the hole, we swept the area with a metal detector to 
locate the ferrous object in the hole. The plastic tag was left over the 
hole, under the painted rock, to act as camouflage: that is, people 
passing by would see the painted rock and perhaps investigate. They 
would find the plastic tag upon removal of the painted rock, which we 
hoped would satisfy their cusioslty, 

Unfortunately, upon returning six months later we only found 60% 
of the detectors although we located over 95% of the holes probably 
because people recognized the locations and had some use for the plastic 
cup that contained the detector. In the future we will make the locations 
less obvious because locating the holes was not as difficult as we had 
anticipated. 

D. DATA 

The results of the surve:y are tabulated in Table 11.1 and Fig. 11.2. 
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TABLE II.1. SUMMARY OF RADON VALUES FOR THREE RADON LINES IN THE 

A-Line - 
A-1 
A-2 
A-3 
A 4  
A-5 
A-6 
A-7 
A-8 
A-9 
A-10 
A-1 1 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20 
A-21 
A-22 
A-23 
A-24 
A-25 
A-26 
A-27 
A-28 
A-29 
A30 
A-31 ' 

A32 
A33 
A-34 
A-35 
A-36 
A-37 
A-38 
A-39 
A 4  
A-41 
A42 
A43 
A 4  
A45 
A-46 
A-47 
A-48 
A-49 
A-50 
A-51 
A-52 
A-53 
A-54 
A-55 
A-56 
A-57 
A-58 

TECUAMBURRO VOLCANO REGION, GUATEMALAa 
Av Dailyb 
Rn Conc 
(PCUl) 

453.0 
268.8 
126.9 
113.4 
239.6 
181.5 
N/R 
458.4 
340.8 
250.6 
N/R 
N/R 
123.2 
N/R 
241.6 
N/R 
N/R 
664.7 
153.0 
N/R 
N/R 
387.2 
224.2 
403.7 
468.7 
296.6 
285.6 
403.7 
N/R 
N/R 
N/R 
N/R 
N/R 
161.0 
137.2 
N/R 
N/R 
N/R 
217.8 
121.2 
218.7 
94.7 

266.1 
N/R 
226.0 
262.4 
N/R 
377.3 
224.1 
195.9 
331.7 
48.4 

129.3 
534.1 
256.0 
107.2 
243.3 
216.8 

A-Line 
A-59 
A-60 
A-61 
A42 
A-63 
A-64 
A-65 
A-66 
A-67 
A-68 
A-69 
A-70 
A-71 
A-72 
A-73 
A-74 
A-75 
A-76 
A-77 
A-78 
A-79 
A-80 
A-81 
A42 
A-83 
A-84 
A-85 
A-86 
A-87 
A-88 
A-89 
A-90 
A-91 
A-92 
A-93 
A-94 
A-95 
A-96 
A-97 
A-98 
A-99 
A-100 
A-101 
A-102 
A-103 
A-104 
A-105 
A-106 
A-107 
A-108 
A-109 
A-110 
A-111 
A-112 
A-113 
A-114 
A-115 
A-116 

Av Daily 
Rn Conc 
(PCul) 

222.3 
201.3 
68.6 

485.8 
107.0 
183.9 
280.1 
387.2 
169.1 
510.8 
357.9 
111.8 
217.8 
324.0 
345.1 
128.1 
82.9 

210.5 
63.7 
86.5 

117.1 
217.8 
446.7 
314.8 
379.2 
358.8 
325.8 
286.5 
208.6 
249.8 
106.5 
527.3 
306.6 
277.3 
338.7 
493.4 
216.0 
130.5 
131.1 
92.8 

195.8 
396.8 
96.0 

621.6 
493.4 
633.5 
116.5 
95.1 

NIR 
372.7 
413.8 
441.1 
N/R 
235.1 
230.5 
86.2 

179.3 
473.0 

A-Line 
A-117 
A-118 
A-119 
A-120 
A-121 
A-122 
A-123 
A-123A 
A-124 
A-125 
A-126 
A-127 
A-128 
A-129 
A-130 
A-131 
A-132 
A-133 
A-134 
A-135 
A-136 
A-137 
A-138 
A-139 
A-140 
A-141 
A-142 
A-143 
A-I44 
A-145 
A-146 
A-147 
A-148 
A-149 
A-150 
A-151 
A-152 
A-153 
A-154 
A-155 
A-156 
A-157 
A-158 
A-159 
A-160 
A-161 
A-162 
A-163 
A-164 
A-165 
A-166 
A-167 
A-168 
A-169 
A-170 
A-171 
A-172 
A-173 

a Analyses by Tech/Ops Landaur, Inc. 

N/R =Detector not recovered. 
Radon concentration dlvided by number of days in ground. 

Av Daily 
Rn Conc 
(PCU1) 

247.8 
162.5 
854.1 
236.0 
115.5 
62.7 
87.8 
64.9 

164.7 
229.7 
N/R 
101.0 
138.7 

153.0 
102.4 
64.9 

N/R 
48.7 
30.7 
14.6 
84.5 
23.3 

NIR 
99.7 
55.3 
53.2 

N/R 
75.7 

132.9 
149.3 
N/R 
19.3 

N/R 
N/R 
129.3 
N/R 
76.0 

139.0 
364.3 
N/R 
N/R 
NIR 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 

82.5 
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TABLE II.1 (cont) 

B-Line 

E 2  
E3 
B-4 
E 5  
8-6 
8-7 
B-8 
E 9  
B-10 
B-11 
E12 
E13 
E14 
E15 
E16 
8-17 
E18 
8-19 
B-20 
B-21 
E22 
E23 
E24 
B-25 

- 
B-1 

B-26 
8-27 
E28 
E29 
E30 
831 
B-32 
E33 
B-34 
E35 
8-36 
8-37 
B-38 
8-39 
B-40 

Av Daily 
Rn Conc 

144.5 
233.1 
188.6 
N/R 
195.0 
81.3 

215.9 
N/R 
N/R 
165.4 
81.7 
56.5 

283.4 
N/R 
N/R 
N/R 
90.2 

118.1 
60.6 

151.2 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
34.9 

168.3 
N/R 
N/R 
N/R 
N/R 
N/R 

(pCill) C-Line 
c-1 
c-2 
c-3 
C-4 
c-5 
C-6 
c-7 
C-8 
c-9 
c-1 0 
c-11 
c-12 
C-13 
C-14 
C-15 
C-16 
C-17 
C-18 
G19 
c-20 
c-21 
C-22 
C-23 
C-24 
C-25 
C-26 
C-27 
C-28 
C-29 
C-30 
C-31 
C-32 
c-33 
c-34 
(2-35 
C-36 
c-37 
C-38 
c-39 
c-40 
c-41 
c-42 
C-43 
C-44 
(2-45 
C-46 
c-47 
C-48 
c-49 

Av Daily 
Rn Conc 
(pCU1, 

N/R 
N/R 
N/R 
31.5 

N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
58.8 

N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
244.2 
N/R 
163.9 
N/R 
192.2 
N/R 
N/R 
158.8 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
N/R 
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Fig. 11.2. Stacked bar graph of three radon detector traverses showing frequency versus 
counts (pa/  1). 

By leaving the detectors in place over a long period of time and then 
reducing the total counts to the average number of days in place, we 
reduce the effects of variations in barometric pressure, precipitation, and 
wind that can cause fluctuations in radon levels. The data points in line 
"A" are correlated to the geologic structure by a series of structural cross 
sections along the route of the detector lines (F'ig. 11.3). 

The data are filtered for the cross section; that is, all data points are 
eliminated below 300 counts  (pCi/l) a day. Nielson (1978) uses  
background levels equivalent to the mean of all points in a survey, which, 
in our case, is 232 counts (pCi/ 1) per day. By eliminating all points below 
300 counts (pCi/l) per day, the remaining points are considered to be Rn- 
222 anomalies. Because of the major detector loss on the "B" and "C" lines 
(60% and 88% lost) and the low values obtained along these lines, the 
results are not shown on structural sections but are tabulated in Table 
11.1, 
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Fig. 11.3. Cross section along line A-A' (Fig. 11.1) showing radon counts (pCi/ 1): geology 
based on map by DuEield et al. (Fig. I.3a). 

Qri = hornblende-biotite rhyodacite ignimbrite. 
QTapg = pyroxene andesite volcanic complex of Piedra Grande. 
Qas = pyroxene andesite lavas and scoria cones of Los Sitios. 
Qal = Quaternary alluvium. 
Qtr = phreatic tuff ring and enclosed acid lake. 
Qavpb = hornblende dacite lava dome of Peiia Blanca. 

E. RESULTS 

The radon anomalies indicate a major structural feature to the north 
of Laguna Ixpaco that acts as a possible hydrogeochemical barrier 
(aquitard). This structural feature correlates with a major WNW-trending 
fault mapped by Duffield et al. (Fig. 1.3) and may delineate the northern 
edge of the liquid-dominated reservoir thought to underlie the Laguna 
Ixpaco area (Goff et al., in press; Chap. 111). 

The correlation of radon anomalies with structure (Fig. 11.3) shows 
high radon values at contacts and faults, especially between Laguna Ixpaco 
and Finca La Pastoria, However, one of the areas of most interest, Laguna 
Ixpaco, shows no anomalies. This lack of anomalies may be the result of 
low recovery rates in this area. To the north the radon line closely parallels 
a large fault and also crosses an area where steam-condensate springs 
(indicative of steam leakage) are common. These features may explain the 
high radon values, even though the cross sections do not show many faults 
in the area (see Fig, 1.3.). 

Although detector recovery along the "B" and "C" lines was low, there 
are no anomalous radon values detected in any of the remaining detectors. 
This would indicate that the lines crossed no major structures,  any 
structures crossed were sealed, or no zones of concealed, subsurface 
boiling were crossed. 
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III. HYDROGEOCHEMICAL EXPLORATION OF THE 
TECUAMBURRO VOLCANO REGION, GUATENIALA 
* Cathy J. Janik, 1 Fraser Goff,2 Alfred H. Truesdell, 1 Andrew Adams,2 
Alfred0 Roldiin M.,3  Kimberly Meeker.2, P. E. Trujillo Jr.,2 
Dale Counce.2 and Lynne Fahlquistl 

A. INTRODUCTION 
Chemical and isotopic analyses of thermal and nonthermal waters 

and gases from springs and fumaroles are used to evaluate the geothermal 
potential of the Tecuamburro Volcano region, Guatemala. Thermal waters 
of the acid-sulfate, steam-heated, and neutral-chloride types generally 
occur in restricted hydrogeologic areas : Tecuamburr o - Laguna Ixpaco 
(acid-sulfate); andesite highland north of Tecuamburro (steam-heated) : 
Rio Los Esclavos (neutral-chloride). One small area of neutral-chloride 
springs east of the village of Los Esclavos is not related to the 
Tecuamburro geothermal system. Neutral-chloride springs on the Rio 
Los Esclavos east and southeast of Tecuamburro are mixed with various 
groundwaters and exhibit a maximum 180 enrichment of about 1.5 permil 
compared to  the world meteoric line. Geothermal temperatures 
calculated from neutral-chloride spring compositions are S2OO"C. In 
contrast, maximum subsurface temperatures based on gas compositions 
in the Laguna Ixpaco area are about 300°C. Relation of the neutral- 
chloride waters to the overall Tecuamburro geothermal system is not 
entirely resolved but we suggest two hydrogeochemical models. We 
believe that the first exploration drill hole should be sited within 0.5 krn 
of Laguna Ixpaco to tap the main geothermal reservoir or its adjacent, 
main upflow zone. 

The Tecuamburro Volcano region lies in southeastern Guatemala in 
the Central American volcanic arc. The region contains volcanic centers 
of Pleistocene age that are associated with major faults showing 
Quaternary-age offsets and recent seismic activity. A wide variety of 
thermal springs and fumaroles occur in the region (Fig. 111.1). During 
July 1988 and February-March 1989, about 100 sample suites of thermal 
and nonthermal waters and fumarolic gases were collected within a 400- 
k m 2  area (Fig. 111.2, Plate 2, and Table 111.1, in pocket) near 
Tecuamburro Volcano. This report presents results of our 
hydrogeochemical studies of the region. Previous reports on the 
geothermal potential of the region have been presented by OLADE 
(1982), Giggenbach (1988). Duffield et al. (1989), and Goff et al. (1989). 

* 1. U. S. Geological Survey, 345 Middlefield Rd., Menlo Park, CA 94025. 
2. Earth and Space Sciences Division, Los Alamos National Laboratory, 
Los Alamos, NM 87545: 3. Unidad de Desarrollo Geotermico, Instituto 
Nacional de Electrificacion, Guatemala City, Guatemala 
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Fig. 111.1. Location map of thermal springs and physiographic features, Tecuamburro 
Volcano region, Guatemala. 
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Fig. 111.2. Location map of all sampling sites, Tecuamburro Volcano region, Guatemala. 
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TABLE III. 1. CROSS REFERENCE NUMBERING SYSTEM USED FOR LANL/USGS AND 
INDE SAMPLING SITES, TECUAMBURRO, GUATEMALA (See Fig. 111.2 for 
general locations.) 

LANL/USGS 
Field No. 

GT-88- 1 
GT-88-2 
GT-88-3 
GT-88-4 
GT- 88 - 5 
GT-88-6 
GT-88-7 
GT-88-8 
GT-88-9 
GT-88- 10 
GT-88- 1 1 
GT-88-12 
GT-88- 13 
GT-88- 14 
GT- 88- 15 
GT-88- 16 
GT-88- 17 
GT-88- 18 
GT-88- 19 
GT- 88-20 
GT-88-2 1 
GT-88-22 
GT-88-23 
GT- 88-24 
GT-88-25 
GT-88-26 
GT-88-27 
GT- 88-28 
GT-88-29 
GT-88-30 
GT-88-3 1 
GT-88-32 
GT-88-33 
GT- 88-34 
GT-88-35 
GT- 88-36 
GT-88-37 
GT-88-38 
GT- 88-39 
GT- 88-40 

INDE 
Field No. 

TM- 13 

m- 1 
TM- 13 
TM- 13 

TM-6 

TM-5 

TM-3 1 
TM-7 
TM-34 

TM- 19 

TM-17 
TM-17A 

TM- 12 
TM-11 
TM-10 
TM-58 
TM-58 

TM-36 
TM-25 
TM-15,TM-53 
TM-33 
TM-40 
TM-29 

TM- 14a 

NAME 

Site #2 Laguna Ixpaco (Fig. III.3) 
Colmenares Hot Spring (GT-88- 13, Fig. III.4) 
Warm spring 4.5 km E of Lo8 Esclavos 
Site # 10 Laguna Ixpaco (Fig. III.3) 
Site # 8  Laguna Ixpaco (Fig. III.3) 
Site # 15 Laguna Ixpaco (Fig. III.3) 
Outflow Laguna Ixpaco 
Large inflow S shore Laguna Ixpaco 
Colmenares Hot Spring 
Colmenares "coldest" spring (Fig. 111.4) 
Colmenares Hot Spring (Fig. 111.4) 
Colmenares Hot Spring (Fig. III.4) 

Colmenares Hot Spring total outflow (Fig. 111.4) 
Circa TM-3 1 hottest spring 
Hot spring E side f io  Los Esclavos 
Finca Agua Tibia 
Large spring 150 rn E of TM-34 
Warm spring near paved highway 
Rainwater at ChiquimuMla 
Sulhr mine, Tecuamburro 
Sulfur mine, Tecuamburro 
Cold spring at sulfur mine 
Las Playitas 
Cold spring below Chupadero 
Warm spring, Flnca La Esperanza 
Cold spring, Finca La Esperanza 
Cold spring above TM- 12, Finca El Silencio 
Large spring Finca El Silencio 
Warm spring S side of Tecuarnburro 
Warm spring at Finca L a  Morena 
Swamp W side Laguna Ixpaco 
Swamp W side Laguna Ixpaco 
Finca San Lorenzo 
Cold spring Finca La Pastona 
Cold spring Finca Las Delicias 
Warm spring Finca Bonanza 
Hot spring Finca El Chorro 
Cold spring 
Cold spring Finca San Cayetano 

Colmenares Hot Spring (GT-88-2, Fig. I11.4) 
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TABLE In. 1. (cont) 

LANL/USGS 
Neld No. 

INDE 
Field No. NAME 

GT-88-4 1 
GT-88-42 
GT-88-43 

GT-88-44 

GT-88-45 
GT-88-46 
GT-88-48 
GT-88-49 

GT-89-53 
GT- 89 -54 
GT- 89-55 
GT-89-56 
GT-89-57 
GT- 89-58 

GT-89 -59 
GT- 89 -60 

GT-89-6 1 
GT-89-62 
GT-89-63 
GT- 89-64 
GT- 89-65 
GT-89 -66 
GT-89 -67 
GT- 89 -68 
GT-89-69 
GT-89-70 
GT-89-7 1 
GT-89-72 
GT-89-73 
GT- 89-74 
GT-89-76 
GT-89-76 
GT-89 -77 
GT-89-78 

GT-89-79 
GT- 89-80 

Tecuamburro 

TM-26 
TM-32 

TM-2 
TM-3 

TM- 13 
TM- 13 

TM-7 
TM-7 

TM-8 

TM-9 

TM-29 
TM- 14A 
TM-58 

TM-2 
TM-3 
TM- 1 
TM- 1 

TM- 12 

52 

Warm spring Flnca Santa Isabel 
Fumarole Inflemitos Finca Las Delicias 
Cold spring by paved road 2-3 km N 
Chiquimulilla 
Cold spring by paved road 10 krn N 
Chiquirnulilla 
Hot spring &o Los Esclavos 
Hot spring 80 m downstream from TM-2 
Cold spring 2-3 km E of Los Esclavos on CA#l 
Cold spring near Finca Bonanza 

N shore Ixpaco Site #8 (GT-88-5) 
N shore Ixpaco Site #10 (GT-88-4) 
Ixpaco inflow (GT-88-8) 
Cold spring W of Chupadero 
Hot spring E side a o  Los Esclavos (GT-88- 16) 
Hot spring a o  Los Esclavos 50 m upstream of 
57 
Hot spring 30 m downstream of TM-8 
Warm spring E bank of &o Los Esclavos along 
Cliff 
Hot spring 30 m downstream of GT-60 
Hot spring 100 m downstream of GT-61 E of g o  
Across river from TM-9 
Cold spring W side of f i o  Los Esclavos 
Cold spring E wall of canyon of a o  Los Esclavos 
Warm spring at Finca Sank Marta 
Cold spring Finca San Cayetano(GT-88-40) 
Finca San Lorenzo (GT-88-34) 
Swamp W of Laguna Ixpaco (GT-88-32) 
Las Playitas (GT-88-24) 
Hot spring &o Los Esclavos (GT-88-45) 
Hot spring 80 m downstream from (GT-88-46) 
Warm spring 4.5 km E of Los Esclavos 
Hottest seep at TM-1 area 
Rio U s  Esclavos, above to mineral seeps 

Finca El Silencio (GT-88-29) 
Cold spring above TM- 12, Finca El Silencio (GT- 

Cold spring at Azufkal (GT-88-23) 
Sulfbr mine, Tecuamburro (GT-88-2 1 

Cold Spring E of LOS ESC~VOS (GT-88-48) 

88-28) 



TABLE 111.1. (cont) 

LANL/USGS INDE 
Field No. Field No. NAME 

GT-89-8 1 
GT-89-82 
GT-89 -83 
GT- 89 -84 
GT-89-85 
GT-89 -86 
GT-89 -87 
GT-89-88 
GT- 89 -90 
GT-89-9 1 
GT- 89-92 
GT- 89-93 
GT-89-94 
GT-89-95 
GT-89-96 
GT-89-97 
GT-89-98 
GT- 89 -99 
GT-89- 100 
GT-89- 10 1 

GT-89- 102 

TM-33 

TM-6 
TM-6 
TM-6 

TM-3 1 
TM-19 
TM- 17 
TM- 17A 
TM- 15 

TM-25 
TM-32 

TM-36 

Finca El Chorro (GT-88-38) 
Site #8 Laguna Ixpaco 
Colmenares (GT-88-9) 
Colmenares (GT-88- 10) 
Colmenares hottest spring (GT-88- 12) 
Colmenares oufflow (GT-88- 14) 

Warm spring [GT-88- 19) 
Hot spring Finca La Esperanza (GT-88-26) 
Cold spring (GT-88-27) 
Warm spring Finca Bonanza [GT-88-37) 
Cold well, Barberena drinking water 
Cold well in Barberena S side of hwy 
Cold seep near GT-89-97 

Warn spring SSE side of Tecuambuq-o Volcano 
Cold spring 100 m upstream of GT-89-97 
Rainwater at Hotel San Carlos 
Cold spring Finca Las Delicias (GT-88-36) 
Fumarole Inflernitos Finca Las DeUcias (GT-88- 
42) 
Cold spring Finca La Pastona (GT-88-35) 

Hot Spring (GT-88-15) 

Cold Spring N of GT-89-95 

B. GEOHYDROLQGY 

1 .  Geologic Setting 
The Tecuamburro region occurs in the northwestern corner of the 

Caribbean plate near the intersection with the North American and 
Pacific plates (Burkart, 1983; Chap. I). This tectonic regime has 
undergone considerable Neogene tectonic activity expressed as left- 
lateral slip along the Polochic-Motagua fault system and as a series of 
north-trending structural grabens south of this fault system. The 
Jalpatagua fault zone (north of the Tecuamburro region) and the 
Tecuamburro graben are typical structural elements within this tectonic 
regime and are important structural elements to the Tecuamburro 
geothermal system (Chap, 1). Although there is no known historic 
seismicity for the Jalpatagua fault zone, a swarm of earthquakes occurred 
in 1979-1980 that are correlated with motions on the eastern graben 
fault of the Tecuamburro Graben (White et al., 1980; Chap. I). 

The volcanic history of southeastern Guatemala is complex and has 
been continuous for the last 15 Ma (e.g. Carr et al., 1982; Newhall, 1987; 
Reynolds, 1987). Although the region is dominated by calc-alkaline 
andesite and basaltic andesite, major eruptions of basalt, dacite, and 
rhyolite are interbedded within the andesitic rocks. 
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Geology of the immediate Tecuamburro area is described by Beaty et al. 
( 1980), Reynolds (1 987), and Duffield et al, (this report). Tecuamburro 
volcano is an andesitic composite cone of late Pleistocene age (0.1 to 10.04 
Ma). Andesitic domes and flows are interbedded with laharic breccias and 
landslide debris from episodes of volcanism and sector collapse. 

A Pleistocene scoria cone field of predominantly basaltic rocks 
straddles the Jalpatagua fault zone in the northern part of the region 
investigated. The cones and flows retain very youthful morphology, and 
one flow is dated at 0.036 Ma (Duffield et al., this report). On the east 
and west flanks of the Tecuamburro Graben are Ixhuatan and Pueblo 
Nuevo Viiias volcanic centers (andesitic) of slightly older age (1 to 2 Ma). 
Flows and laharic breccias of Ixhuatiin andesitic rocks are well exposed in 
the canyon of the Rio Los Esclavos east of Tecuamburro. 

2. General Stratigraphy 
A generalized regional stratigraphy is shown in Figure 111.3 (Bonis 

et al., 1970; Beaty et al., 1980; Reynolds, 1987: Chap. I). We stress that 
the depth to and thickness of Mesozoic and Paleozoic rocks is unknown 
and that the thickness of Tertiary volcanic rocks is highly variable. In 
addition, there may be local intrusions of Tertiary age that are not 
represented on this figure (Beaty et al., 1980). 

"highland" andesite 
and basaltic rocks 
(0.8-1.2 Ma) 

Miocene-Pliocene 

Late Mesozoic 

Paleozoic 

andesite domes 
and tuffs 
(-0.04 Ma) 

tuffs and basin- 
fill  sedimentary 
rocks 
older Tecuamburro 
edifice andesitic 
rocks 
(-1 .O Ma) 
undivided volcanic 
rocks 
(2-5 Ma) 

limestone and 
other sedimentary 
rocks 

metamorphic and 
granitic basement 

Fig. 111.3. Block diagram showing generalized stratigraphic relations of rock units, 
Tecuamburro Volcano region, Guatemala; all spring and well samples issue 
from Tertiary to Quaternary volcanic units. 

Tecuamburro 54 



a. Paleozoic Basement. An undivided unit that consists mainly of 
phyllite, schist, and gneiss is not exposed in the Tecuamburro region but 
does crop out in a broad east-west belt about 50 km north of Barberena 
and in an isolated patch about 100 km east of Barberena. Both of the 
above exposures are south of the Motagua fault zone but their structural 
relation to younger rocks is not well known. 

b. Late Mesozoic Rocks. An undivided unit that consists primarily 
of Cretaceous carbonate strata is not exposed in the Tecuamburro region, 
but a 10-km-long exposure occurs about 15 km east of Cuilapa and small 
outcrops occur about 30 krxi north of Barberena. Reynolds (1987) claims 
that these outcrops are part of the Yojoa Group, a widespread limestone- 
bearing unit exposed through northwestern Guatemala and western 
Honduras (Carpenter, 1954). 

c. Miocene-Pliocene Volcanic Rocks. An undivided unit that 
consists mainly of andesitic domes, flows, laharic breccias, and rhyolitic 
ignimbrites is from earlier volcanic activity related to formation of the 
Central American volcanic arc. K/Ar dates for these rocks in 
southeastern Guatemala range from about 2 to 15 Ma (Reynolds, 1987). 
Maximum thickness is unknown but may locally exceed 1000 m. 

d. Late Tertiary-Quaternary Volcanic Rocks. Quaternary rocks in 
the Tecuamburro region are described in detail in Chap. I. Andesitic to 
basaltic domes, flows, lahnric breccias and tuffs of the Tecuamburro 
Volcano and volcanoes of the andesitic highland are the major units. 
Some interfingering with andesitic rocks of the Ixhuatan and Pueblo 
Nuevo ViAas volcanic centers may occur. A valley-fill unit consisting 
primarily of ignimbrites from an unknown source fills the valleys west 
and north of the andesitic highland. Basaltic cinder cones and flows 
straddle the Jalpatagua fault zone. Terrace gravels and alluvium border 
the Rio Los Esclavos. Maximum thickness of andesitic rocks at 
Tecuamburro Volcano exceeds 1000 m. 

3. Heat Flow 
No heat flow data are available for Guatemala. Heat flow has been 

measured in the Cordillera de Guanacaste of Costa Rica, at the southern 
end of the Central American volcanic arc (Blackwell e t  al., 1977). 
Background heat flow in the Cordillera, composed mostly of Pliocene and 
Pleistocene andesitic stratovolcanoes and subordinate silicic calderas, is 
about 60 mW/mfL, which is equivalent to 1.5 heat flow units (HFU). This 
value is common for island arc settings, where rainfall and the presence 
of porous volcanic sequences favor downward circulation of cool meteoric 
water that suppresses regional heat flow. 

In contrast, a heat flow of 550 mW/m2 (13 HFU) is associated with 
the hydrothermaI system at Volciin Miravalles, Costa Rica (Blackwell et 
al., 1977). Similar thermal gradient anomalies are observed for the 
hydrothermal-convective systems at Momotombo, Nicaragua (Lopez et al., 
1980), at Ahuachapb, El Salvador (Vides, 1976), at Arnatitlh, Guatemala 
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(Tobias, 1987) and at Zunil, Guatemala (MK-Ferguson, 1988). Like 
Tecuamburro, each of these sites lies adjacent to major, late Quaternary 
andesite stratovolcanoes and/or calderas. Shallow temperature gradients 
at these locations commonly exceed 5OO0C/km. 

Heat flow associated with hydrothermal systems in the back-arc 
tectonic environment of Honduras can exceed 250 mW/m2 (Meert and 
Smith, in press). Regional heat flow in the back arc environment was 
estimated at about 120 mW/m2 by Goff et al. (1987), using an empirical 
relation between silica content of cool groundwaters and heat flow 
developed by Swanberg (1979). This relation is based on the solubility of 
quartz. Unfortunately, the Tecuamburro region is characterized by 
relatively young volcanic rocks containing abundant amorphous silica, 
whereas rocks in Honduras are mostly schist, gneiss, sandstone, shale, 
conglomerate, limestone, and older volcanic deposits in which the silica 
exists mainly as quartz/chalcedony. Therefore, background silica 
concentrations in cool groundwaters in the Tecuamburro region are 
nearly twice as high as those in Honduras (76 versus 43 mg/kg). 
Calculated regional heat flow using the data in Table 111.2 and equations of 
Swanberg (1979) is -165 mW/m2 or nearly 4 HFU, a value much higher 
than is reasonable for an area of such high rainfall and rugged topography. 
Although exceptionally high heat flow must occur near thermal springs 
and fumaroles, we would expect regional values to be more like those 
determined by Blackwell et al. (1977) in the Costa Rican volcanic chain: 
about 60 mW/m2. 

4. Thermal Features 
The main area of geothermal exploration lies within the 20-km- 

wide Tecuamburro Graben extending from the volcano north to the 
WNW-trending Jalpatagua fault zone. Between this fault zone and the 
volcano, and within the structural graben lies a broad highland of 
andesitic and basaltic rocks comprising several volcanic centers that 
were active from at least 1.2 to 0.8 Ma (Chap. I). Local zones of intense 
hydrothermal alteration are evident in these rocks. The highland is 
characterized by steam-heated hot springs of which Fumarole Infirnitos 
(Figs. 111.1 and 111.2) is the only one that is boiling. 

The altered basaltic rocks of Fumarole Infirnitos are laced with 
calcite veins containing abundant pyrite and up to 40 ppm Cu and 70 
ppm Zn. Four U-Th disequilibrium dates on one calcite vein sampled 
within the hot spring area have an isochron age of 136 f 22 ka (T. Ku, 
University of Southern California, personal communication, 1989). 
Because the present steam-heated waters are very dilute and not 
depositing calcite, this age represents an earlier hydrothermal event in 
the area. 

Areas of acid-sulfate hot springs and fumaroles are found near the 
summit and on the northern flank of Tecuamburro Volcano. An 
abandoned sulfur mine in the summit area contains active, Has-rich 
fumaroles. About 6 km north of the mine, near the base of the 
Tecuamburro domes, is a 2910 k 70-year-old phreatic crater about 500 m 
in diameter that contains an acid lake (Laguna Ixpaco: pH=3). Vigorous 
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TABLE m.2 S-D PHYSICAL. CHEMICAL, AND JSCXIOHC DATA FOR 30 COLD WAlERs OFTHE TECUAMBLJRRO VOLCANO 
REGION, GUKIEMALA 

sample 
No. 

GT88-8 
-55 
c;T89-23 
GT89-79 
GT89-25 
GT89-56 
GT89-27 
GT89-91 
GlB9-28 
GT89-78 
GT89-35 
GT89-102 
Umm-36 
GT89-IO0 
GT89-39 
GT8440 
GTS-67 
GT88-43 
GT3tH-4 
GT88-48 
GTW-76 
GT89-49 
GT89-64 
GT89-65 
GT8!3-75 
Gm9-93 
GT89-94 
GT89-98 
GT88-20 
GT89-99 

I 4  

Name 

MowtoLaguaaIxPaCo 
I*&Lagunam- 
Cold spring near summit of Tecuamburro 
Cold spring near summit OfTecUambum, 
SpringbelowChupadero 
Springwest of Chupadem 
Cold spring at EInca L a  Esperanza 
Cold spring at Flnca La Esperanza 
Cold spring above Fbca El S b d o  
Cold spring h e  F'fnca E1 srtendo 

Cold spring north of Finm L a  PastoM 
coldspringwrthofFInmLaPastoM 

Cold spii'.nig. Pam T a s  xklkks 
Cokl spring. Flnca Las Delidas 
Unnamed cold spring 
Cold spring at Flma San cayetano 
Cold spring at Flnca San Cayetaw 
Unnamed cold spring 
Unnamedcoldsprlng 
Cold spring east of Los EsclaMs 
Cold spring east of Los Esclavos 
unnamed cokl spring 
Cold spring. RiO Los Esclams 
Cold spring. above Rio LQS Esclavos 
Rio Los ESClavos above TM-I 
Cold welI, Badxmna 
Cold well. Ba&emna 
COldspring.RiOLosEsclavos 
Rain, chiquimulllla 
Rafn.LOSEsclavoS 

AVERAGE 

MeasuFed 
Temp. 
(TI 

22.1 
20.0 
20.0 
17.5 
223 
222 
21.3 
17.2 
24.1 
25.1 
23.4 
23.5 
22.2 
20.7 
20.4 
25.3 
224 
24.8 
24.7 
22.7 
21.1 
22.8 
25.0 
20.8 
30.0 
21.9 
21.7 
27.8 

-20.0 
-20.0 

22.332.6 

sia, 
(mg/kgl 

67 
81 
48 
53 
79 
82 
68 
88 
74 
83 
90 
102 
33 
36 
64 
88 
90 
85 
53 
57 
78 
99 
95 
98 
61 
70 
93 
94 

<I 
7Sa1@ 

- 

C1 
(J4zkzl 

1.9 
2.5 
2 5  
1.7 
2 5  
5.7 
1.4 
1.0 
1.2 
1.5 
4.3 
4.8 
1.6 
1.5 

14.4a 
0.6 
0.8 
1.5 
25s 
2 3  
1.0 
28.s 
3.0 
1.4 

14.4* 
2 5  

15.P 
1.9 

27 
-- 

21f1.s 

8.D 
e601 

-60.3 

-59.5 

-625 

49.2 

-51.8 

-46.9 

-5 1-9 

-529 

-53.5 
-54.4 
-48.6 
-44.7 

-40.1 

-14.5 
a' 
c) a Contains 163 mg/kg NO, from f- operations. C1 vahle in doubt 

b contains 599 mg/kg NO, from fertilizing opezations: C1 value in doubt. 
c Contains 342 mg/kg NO, from ferttlizing opesations; Clvalue in doubt 
d c1 value anomalous possibly due to sewage. evaporation, unknown hot springs. or ? 
e c1 value anomalous h m  chlorination for drinking. 
f Average value does not include Gm9-75. GTlB-20, or GlX9-99. 
g Average value does not include c;Tss-20. GIW-39. tXtB-44, GT88-49. GT89-75. GT89-94, or GT89-99. 

!i z 
0 

UI 
41 

Slso 
w1 
-8.90 

-8.49 

4.74 

-7.19 

-7.88 

-6.93 

-7.84 

-7.72 

-7.91 
-7.75 
-7.04 
-6.82 

-5.97 

-2.67 

41 
Cr.U.1 - 
4.53 

5.55 
5.53 
7.41 
5.24 

- 

- - - 
6.15 
8.29 

7.111 
6.94 
4.51 
2.85 

- 

-- 
-- -- 
3.50 - 
-- 
-- 
6.20 - -- 
6.62 

3.52 
3.07 

-- 

Rock 
'.rslpe 

Andesite 
Andesk 
A I x b i t e  
Andesite 
Andes* 
Andesite 
Andesite 
Andesite 
Andesite 
Andesite 
-.Tuff 
*o. w 
Basalt 
Basalt 
Andesite 
Andesite 
Andesite 
Andesite 
Andeslte 
Aedesite 
Andesite 

Andesite 
Andesite 
Varied 
Basalt 
Basalt 
Andesite 

Rhyo. tuE 

- 
- 
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Fig. 111.4. Location map of thermal features, Laguna Ixpaco, Tecuamburro Volcano region, 
Guatemala. 

acid-sulfate hot springs and mud pots are located around the northern 
shore, and a large zone of upwelling gas is visible about 20 m offshore 
(Fig. 111.4). Two small areas of low-temperature acid springs are located 
about 1 to 1.5 km west of Laguna Ixpaco (swamp and Las Playitas, Fig. 
111.1) 

We have examined three areas of neutral-chloride hot springs in 
the Tecuamburro region. The most impressive area ( 3 5 O  to 97°C springs) 
occurs near Colmenares along a 7-km stretch of the Rio Los Esclavos 
northeast of Tecuamburro Volcano. At Colmenares proper (Fig. 111.5) is a 
cluster of springs issuing from andesitic alluvium about 150 rn west of the 
river. Within this cluster are springs ranging from 50" to 94OC, and the 
total discharge is 0.04 m3/s. Another cluster of springs issues from 
alluvium on the west bank of the river just  north of Colmenares proper 
and a third cluster of springs issues from fractured andesitic laharic 
breccias 0.5 km farther north. More neutral-chloride springs issue from 
terrace gravels and andesitic rocks on both sides of the river south of 
Colmenares. 
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Fig. 111.5. Location map of thernial features. Colmenares site, Tecuamburro Volcano 
region, Guatemala. 

The Colmenares group comprises approximately 60 springs and 
seeps in total. Where the relation of springs to "bedrock" is visible, all 
springs issue from fractured andesitic rocks and the fractures are 
generally oriented in a N10W to N40W direction. The southern boundary 
of the Colmenares Group occurs where the Rio LQS Esclavos crosses a 
major E-W-trending fault zone (Fig. 111.1). At this location, the fault is a 
normal fault with down to the south displacement. The northern 
boundary of the group is not structurally defined in outcrop. 

A second area of neutral-chloride springs (30" to 42°C) occurs 
about 4.5 km east of the village of Los Esclavos. The springs discharge 
from a gravel bar and along a small bench of andesite on the north side of 
the Rio Los Esclavos over a distance of about 200 m. 

A few neutral-chloride springs (139°C). located about 3 km 
northeast of Chiquimulilla, issue from alluvium and andesitic rocks on the 
west bank of the Rio Los Esclavos. An altered zone of laharic breccia 
beneath terrace gravels is exposed on the western wall of the canyon 
about 0.5 km south of the hot spring. The zone is 15 m high and 30 m 
wide and contains sulfur, sulfate salts, and clays. No spring or fumarole 
was found in this zone in March 1989. No other thermal features were 
found in the canyon of the No Los Esclavos east of Tecuamburro Volcano. 
Clearly, the river controls the discharge elevation of all neutral-chloride 
springs in the region. Very weak gas emanations are visible in some 
neutral-chloride springs at each location. 
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C. GEOCHEMISTRY 

1.  Models for Volcanic Geothermal Systems 
Various conceptual hydrologic-geochemical models have been 

proposed for geothermal systems based on surface and drillhole rock and 
fluid chemistry, exposed fossil hydrothermal systems, and chemical 
theory, These models suffer from decreasing availability of information 
with increasing depth in the system, but they present generalizations 
from a number of better known geothermal systems that are likely to be 
useful at Tecuamburro. Physical hydrologic models of heat transfer in 
geothermal systems have been discussed by Elder (1981) and many 
others. We are more interested in geochemical models because 
essentially all of our data are chemical. Several authors have discussed 
origin of particular water types in geothermal systems (e.g., White, 1957; 
Ellis, 1970; Mahon, 1970) but the most useful syntheses of these ideas 
are from Henley and Ellis (1983) and (particularly for the deeper zones) 
Giggenbach (1981) and Giggenbach et al. (1989). Figures 111.6 and 111.7 
are from Henley and Ellis (1983) and Figures 111.8 and 111.9 are from 
Giggenbach ( 198 1,  1989). These show fluid flows, temperatures and 
water types of geothermal systems related to caldera-type volcanism and 
to andesitic stratovolcanoes. 

exploration and production drilling at Wairakei and Broadlands, New 
Zealand, and from research drilling and extended geological and 
geochemical studies at Yellowstone Park and the Valles caldera, USA 
(White et al., 1975; Nielson et al., 1988). Deep neutralization of acid 
volcanic gases and extensive mixing with meteoric waters produce a 
plume of neutral high-chloride water with high K and Si02 in the center 
of the system (Fig. 111.8). This type of water has also been proposed to 
originate from leaching of soluble constituents from volcanic rocks by 
heated meteoric waters. This water is characteristic of most exploited, 
high-temperature, hot water geothermal systems. 

Most variations in geothermal waters result from processes taking 
place in the upper 1-3 km as shown in Fig. 111.6. The upflowing water 
starts to boil when pressures decrease, forming steam that contains C02, 
H 2 S ,  and other gases. Part of this steam condenses into shallow 
groundwaters, and C02 reacts with rocks to form NaHC03 "steam- 
heated" groundwaters. Only a small amount of H2S is oxidized to SO4 by 
aerated groundwater, and most reacts with Fe in rock to form pyrite. 
When the steam condenses at the surface (in the unsaturated zone), H2S 
reacts with oxygen in air to form sulfuric acid. This acid reacts with rock 
and is partially neutralized to form "acid-sulfate" spring waters with 
metals and silica leached locally. Neutral chloride waters mixed near the 
surface with meteoric waters may emerge as diluted chloride springs. 
The neutral-chloride spring waters and these diluted chloride springs 
carry the most chemical information about subsurface conditions. 

I Caldera-related geothermal systems are well known from extensive 
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Fig. 111.6. Schema of the main features of a geothermal system typical of those in silicic 
volcanic terranes. Tlie system is supplied by groundwater, in this case derived 
from meteoric water. Heat, together with some gases, chloride, water, and some 
other solutes, is assumed to be supplied by a deeply buried magmatic system and 
results in a convecting column of near-neutral pH chloride water with two phase 
conditions in the upper part of the system. Steam-separation processes give rise 
to fumaroles and steam absorption by groundwater, with oxidation of H2S at the 
water table, gives rise to isotopically enriched steam-heated, acid-sulfate, and 
bicarbonate waters. Mixing may occur between the deeper chloride waters, 
steam-heated waters, and fresh groundwater to give a range of hybrid waters. 
Outflows from the deep chloride system occur either as boiling alkaline springs 
often associated with silica terraces, or after mixing with cold groundwaters, as 
near-neutral pH relatively dilute chloride springs (from Henley and Ellis, 1983). 
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Meteoric water 

Fig. 111.7. Schema of a geothermal system typical of active island-arc andesite volcanoes. 
Lower permanent water tables in tropical regions and the high relief of the 
volcanic structures result in a scarcity of chloride water discharges except at 
some distance from the upflow center, The latter may be revealed by fumaroles, 
intense rock alteration, and steam-heated, often perched, aquifers. Near- 
surface condensation of volcanic gases and oxidation result in acid-sulfate 
waters in the core of the volcano, and an acid crater lake may also form (from 
Henley and Ellis, 1983). 

Geothermal systems related to active andesitic volcanoes are more 
complex (Figs. 111.7 and 111.9). The central conduit of these volcanoes 
may remain very hot and prevent access of meteoric water, with 
ascending fluids forming high-temperature summit fumaroles carrying 
steam with HC1 and SO2. These gases are compatible only with highly 
acidic waters not found at shallow depths in a caldera geothermal system. 
Neutral high-chloride reservoir waters of volcano-related geothermal 
systems are displaced laterally from the hot, acidic core to locations 
where reaction with rock has neutralized acids and temperatures are low 
enough for liquid to be present. These relations are seen in the proposed 
model for Nevado del Ruiz Volcano, Colombia (Fig. 111.9); Nevado del Ruiz 
is much larger and more mature than Tecuamburro, but can be used as a 
similar model system. Topography and near surface meteoric water may 
prevent surface discharge of neutral high-chloride water except as 
diluted springs at a distance from the volcano (Fig. 111.7). Long passage 
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Fig. 111.8. Schematic cross section of a caldera-hosted geothermal system of the 
Broadlands type. C02, H2S and the other constituents of the geothermal fluid 
are assumed to be largely derived through interaction of gases (H20, C02, S 0 2 ,  
HCl, HF) released from a magma located at an arbitrary depth of around 8 km 
with deeply circulating groundwaters and rock (from Gfggenbach, 1981). 

through cooler rocks is likely to cause reequilibration of geothermometer 
temperatures, and (un1ik:e dilute chloride spring waters in caldera 
systems with short flow paths cooled only by mixing) these waters may 
not be useful for indicating conditions in the main reservoir. In these 
systems only steam moves rapidly from the reservoir fluid to the surface, 
and only gases in the steam may be useful in geothermometer 
calculations. 

The models shown for stratovolcano-related systems depend on the 
intensity of the volcanic activity and maturity of the composite cone. If 
the activity is not sufficiently intense to maintain high-temperature 
fumaroles with acid gases, the geothermal reservoir (with neutral waters) 
may be closer to the center of the edifice; if the activity is greater, it may 
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occur farther away. In addition the zones may be asymmetric or tilted, 
depending on geologic factors. Thus the models give only general 
guidance to the exploration of any particular system. 

Fig. 111.9. Tentative cross section through Nevado del Ruiz volcanic structure showing 
potential distribution of fluids compatible with geochemical findings. The Ruiz 
model has never been tested by drilling (from Giggenbach et al., 1989). 

It is important to distinguish fluids produced from the geothermal 
system and those from the volcanic system. All fumaroles are not the 
same. Surface temperatures >200°C are characteristic of volcanic 
fumaroles, and volcanic steam originating directly from a magma body 
contains carbon and sulfur gases in their various oxidation states (C02, 
CO, S02, H2S) together with HCl, HF, and H2. High C02 and H2S, the 
absence of S02, HC1, and HF, and surface temperatures c160°C (more 
often near local boiling temperature) are characteristic of geothermal 
fumaroles. Neutral, high-chloride, high-Si02 (compared with meteoric 
waters) spring waters cannot be solely of volcanic origin and must 
indicate some sort of high-temperature geothermal reservoir. 

2. Fluid Chemistry and Stable Isotope Compositions 
Approximately 100 thermal and nonthermal water samples and 20 

gas samples from springs and fumaroles were chemically and isotopically 
analyzed for our geochemical investigation of the Tecuamburro Volcano 
region. Most sampling locations are shown on Fig. 111.2 (all are shown on 
the large map, plate 2, in pocket), and a description of each site 
(including field measurements and flow data) is given in Appendix C, 
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Table C-1. Complete chemical analyses (major and trace element) and 
isotopic measurements are given in Tables C-2, C-3 and C-4. The 
LANL/USGS numbering system used to identify sampling sites differs 
from that used by INDE; the sites and samples are cross referenced in 
Table 111.1. 

As mentioned above in the general description of thermal features, 
three types of thermal waters discharge in the Tecuamburro region: 
steam-heated, acid sulfate, and neutral chloride. These waters are 
chemically distinct (Table 111.3) and occur in separate geographical areas. 
The springs in Colmenares can be subdivided into northern and southern 
groups. The main chemical differences between these water types are 
illustrated by Schoeller diagrams of representative analyses Fig. 111.10). 

Figure III.10a shows neutral-chloride waters as found in four areas 
of the Tecuamburro region. The detailed differences are discussed later 
but note that Na and C1 are usually the major constituents at northern and 
southern areas of Colmenares (lines 1 and 2); these analyses show 
Na>Ca>K>Li-Mg>NHq. among the cations and CbS04-HCOpF among the 
anions. Springs east of Los Esclavos and SSE of Tecuamburro Volcano 
(lines 3 and 4) differ in having higher Mg, HCO3, and K, with lower F. All 
of these waters have between 6.6 and 8.2 pH (except one with 5.7) and 
are relatively concentrated, with total dissolved solids (TDS) of between 
1000 and 2900 mg/kg (one sample is lower). 

Acid-sulfate, steam-heated and cold meteoric water analyses are 
shown in Fig. III.1Ob. Acid-sulfate waters have 270-5800 mg/kg TDS. 
Steam-heated and cold meteoric waters are usually dilute, with steam- 
heated waters having 200-1000 mg/kg TDS and cold waters having 100- 
450 mg/kg TDS and low C1 (Table 111.3). Individual cations (except NH4) 
are not so clearly differentiated, with CalNa?Mg?K>>NHc. Anions show 
large differences, with SO4>>Cl>F and HCO3 missing for acid-sulfate 
waters (line 1). HC03>S04>CbF for steam-heated (line 2) and cold (line 
3) waters. Note on Fig. III.lOb that concentrations below detection do 
not appear because of the logarithmic scale. The line for acid-sulfate 
water is discontinuous because HCO3 is below detection. The cold-water 
line is discontinuous because F and B are below detection. The Si02 

I 

concentration of cold water is shown as a dot. 
Other diagrams indicate differences in water compositions 

through the comparison of constituent pairs. Sodium and total HCO3 (Fig. 
111.1 Oc) show the generally dilute character of acid-sulfate, steam-heated, 
and cold waters that plot near the origin with zero HCO3 for acid-sulfate 
waters, The neutral chloride waters are distinguished by differences in 
HCO3. 

. 
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TABLE m.3. -0% AND lsoTomC ANALYSE OF WATERS IN THE REGION OF TECUAMBURRO VOLCANO, GUATEMALA 
(- - in mg/kg and permil SMOW.) d 

2 Sample 
No. dDw& dOwatS dowat ---- Temp pH-l Li Na K Cl HCO C ----- M g C a - - 3 4 S 0 4 S i 0 2 B  Date 

d !z 
0 

a GT-88-9 88/07/08 70.0 7.64 191 598 24.8 1.30 55.2 796 156 - 236 95 17.1 -519 -6.45 -6.47 
Q) GT-89-83 89/03/04 824 7.74 1.86 578 24.0 1.53 58.0 771 101 252 235 92 17.0 -50.6 -6.81 -6.85 

GT-88-10 88/07/08 60.0 7.25 1.04 334 13.8 273 35.9 377 239 - 124 90 89 -513 -723 -7.23 

NeutralUtlorideSminp 
calmenares, Northern Area 
GT-88-2 88/03/17 90.0 6.70 1.89 609 23.0 1.15 593 787 127 - 256 88 126 - - - 
GT-88-13 88/07/08 90.4 7.46 1.62 591 22.4 1.08 59.8 801 142 - 249 89 17.5 - - 

E 
=I 

GT-89-84 89/03/04 65.4 7.30 1.07 339 14.6 4.66 472 423 165 - 138 92 9.6 -51.1 -7.11 - 
GT-88-11 88/07/08 782 7.38 1.46 464 18.8 234 50.1 608 169 - 190 87 13.1 - - 
GT-88-12 88/07/08 943 7.22 1.99 610 24.0 1.10 66.1 811 147 - 259 90 17.5 -49.4 -656 -6s 
GT-89-85 89/03/04 95.8 7.78 199 612 23.0 1.28 612 810 74 27.6 270 95 18.1 -50.0 -6.74 -675 
GT-88-14 88/07/08 772 7.67 1.60 543 22.0 1.48 55.4 735 164 - 225 92 15.8 - - - 
GT-89-36 89/03/04 75.0 7.84 1.67 516 21)2 1.84 55.0 681 % 26.4 217 92 15.7 - - - 
GT-88-15 88/07/08 825 733 1.84 601 224 1.04 60.1 795 142 - 258 94 123 -50.1 -6.68 - 
GT-89-87 89/03/04 92.4 7.69 1.89 579 21.8 1.16 60.0 772 84 252 256 95 17.4 -502 -6.84 -6.80 
GT-88-45 88/07/16 962 7.35 1s 604 252 1.18 69.0 817 144 - 280 95 17.6 -539 -6.72 -6.69 
GT-89-71 89/02/25 %5 7.63 2.02 671 25.4 1.46 672 815 131 - 275 107 18.7 -48.1 -6.68 -6.73 
GT-884 88/07/16 88.8 729 155 504 22.4 1.25 56.1 709 159 - 235 99 16.4 -48.0 -652 - 
GT-89-72 89/02/25 87.4 7.66 1.83 587 23.4 1.62 60.9 730 145 - 246 102 16.7 -499 -6.88 -6.70 

CoImenares, Southem Area 
GT-88-16 88/07/08 83.7 7.60 1-11 444 6.6 020 47.3 546 69 - 293 72 8.9 -515 -6.83 -6.96 
GT-89/57 89/02/22 802 8.07 1.06 417 8.3 0.28 43.4 488 68 - 283 72 9.1 -499 -7.15 -7.06 
GT-89-58 89/02/22 862 8-11 1.16 457 10.0 026 49.0 542 51 - 311 73 126 -472 -699 -6.B 
GT-89-59 89/02/22 85.0 8.01 1.21 485 102 0.48 512 575 54 - 307 88 2 0  -48.9 -6.66 -696 
GT-89-60 89/02/22 36.0 751 0.12 62 52 7.30 242 62 137 - 32 83 1.4 -53.8 4x18 - 
GT4941 89/U2/22 535 7.48 0.59 W 7.8 3.80 34.8 296 110 - 145 88 6.9 -51.6 -732 - 
GT-89-62 89/02/22 85.0 8.17 1.24 508 10.0 0.24 59.6 623 35 - 293 70 14.6 -526 -7.01 -695 
GT-89-63 89/02/23 852 8.10 124 511 10.6 0.38 60.0 639 44 - 302 74 152 -495 -692 -7.06 

GT-88-3 88/03/21 37.0 5.70 0.98 381 25.0 39.6 67.9 335 849 - 109 117 3.1 - - - 
GT-89-73 89/03/21 375 6.75 1 2  443 32.4 395 66.7 347 885 - 117 140 3.4 -47.4 -7.16 -7.13 
GT-89-74 89/03/21 41.8 6.69 1.89 680 44.0 52.0 84.0 530 1220 - 178 139 5.4 -49.0 -730 -7.30 

E of Los Essdavos 

SSE of Tecuamburro Volcano 
GT-89-97 89/03/07 392 8.15 058 436 37.6 645 79.3 519 763 - 121 141 11.0 -51.8 -7.29 -7.32 

- 
3.01 
2.81 
3.12 

- 
3.66 
277 - - 
282 
3.64 
2% 

2.93 

425 
4.15 

423 
420 

- - 
3.74 
3.82 

- 
2.33 
1.99 

7.01 



TABLEIII.3. (ccmt) 

Sample 
Temp pH-1 Li -- - No. Date 

Add-Sulfate SOri~lps 
GT-88-1 88/03/18 
GT-88-4 88/07/07 
GT-89-54 89/02/21 
GT-88-5 88/07/07 
GT-89-53 89/02/21 
GT-88-6 88/07/07 
GT-88-7 88/07/07 
GT-88-24 88/07/09 

GT-88-32 88/07/12 
GT-89-69 89/02/25 
GT-88-37 88/07/13 

GT-89-70 89/02/25 

GT-89-92 89/03/07 

88.0 295 d.02 
77.0 2.27 0.09 
852 245 0.05 
85.0 2.32 0.03 
93.5 2.39 0.06 
715 242 4.02 
27.8 250 0.02 
324 2.11 0.06 
20.1 2.7l 4.01 
235 2.91 4.01 
255 297 d.01 
34.8 3.33 4.01 
355 3.65 0.01 

Steam-Heated Svrings 
GT-88-17 88/07/08 34.6 6.89 0.01 
GT-88-18 
GT-88-19 
GT-89-88 
GT-88-26 
Gr-89-90 
GT-8%29 
GT-89-77 
GT-88-30 

c GT-88-31 
GT-88-34 P 

GT-89-68 0- 
GT-88-38 

GT-88-41 
GT-88-42 
GT-89-101 

s 
5 0 GT-89-81 

0 4  
4 

88/07/08 
88/07/08 
89/03/04 
88/07/11 
89/03/07 
88/07/11 
89/03/03 
88/07/11 
88/07/12 
88/07/12 
89/02/25 
88/07/14 
89/03/04 
88/07/14 
88/07/15 
89/03/08 

32.7 
402 
42.0 
37.4 
379 
58.1 
58.0 
42.0 
345 
420 
40.8 
51.6 
524 
338 
96.6 
97.0 

6.83 4.01 
6.92 0.02 
759 0.02 
5.75 4.01 
5.82 0.01 
6.42 0.02 
6.40 0.01 
6.47 0.03 
6.83 0.01 
6.19 0.01 
6.45 4.01 
496 d.01 
4.85 0.06 
6.16 4-01 
7.17 d.01 
695 d.01 

Na K M g  - - -  

13.1 9.0 26.6 
70.0 6 2  87.4 
48.0 2.1 62.0 
26.0 8.1 30.6 
17.8 95  23.7 
75  9.1 72  
8.0 99 72  
82.0 9.0 50.8 
28.0 4.7 293 
17.6 7B 16.1 
27.0 32 292 
8.9 4 3  6.1 
9 5  4.3 6.6 

162 5.8 6.7 
13.7 4.6 6.8 
22.0 69 4.8 
225 7.1 5.3 
11.8 35 4.8 
119 35 5.0 
62.0 9.1 318 
56.0 8.1 28.8 
58.0 8.8 240 
41.0 9.0 372 
39.0 72  8.7 
382 7.4 102 
25.0 9.0 5.7 
23.9 8.8 6.0 
320 3.4 199 
15 0.8 19.8 
1.4 4-0 43.4 

- Ca - CI - 3 3  HCO CO SO 4 Si o,B 

32.4 
180 
103 
642 
38.6 
21.8 
224 
214 
62.2 
46.7 
762 
27.6 
275 

2 3  - - 
4.4  - - 
4.0 - - 
02 - - 
13 - - 
2 7  - 
26 - 
8.7 - I 

7.8 - - 
2.8 - 
1.4 - - 
12 - - 
1.7 - - 

21.4 2.3 156 - 
209 12 159 - 
303 4.0 168 - 
31.1 6.1 162 - 
15.8 0 5  44 - 
162 0.6 29 - 
115 4.1 195 - 
104 3.9 206 - 
86.8 2 5  213 - 
59.4 3.6 356 - 
43.1 1.3 186 - 
46.5 2.0 183 - 
22.8 1.1 30 - 
224 1.1 21 - 
50.3 25 164 - 
194 55 276 - 
4 8 0 2 . 6 2 0 4  - 

355 
3560 
2lm 
1285 
9 3  
427 
400 
5200 
638 
412 
956 
149 
149 

2 
1 
4 
7 
69 
72 

376 
324 
249 
117 
109 
104 
165 
162 
156 
328 

1157 

213 0.02 
288 031 
288 0.16 
190 0.18 
201 d.05 
92 4.02 
70 ~0.02 

202 020 
180 4.05 
102 0.03 
118 4.05 
75 4.02 
79 4.05 

9 
91 

115 
123 
63 
67 

200 
184 
150 
120 
55 
58 
85 
88 
75 
25 
21 

4.02 
4.02 
4.02 
4.05 
4.02 
4.05 
0.09 
4.05 
0.12 
0.09 
0.02 

4.05 
0.03 
4.05 
0.08 
d.02 
4.05 

- - 
-219 255 

-312 -0.76 
-265 -0.54 
41.0 4 5 8  
-392 -429 
4 7  -5.64 

- - 

- 
- - 

-53.6 -7.m 
-492 -7.68 

-592 -826 
-53.4 -7.82 
-53.6 -7.49 
-54.1 -7.43 
-54.6 792 
-555 -795 
-58.0 -858 
-56.7 -856 
-58.0 -8.60 
-61.7 -8.79 
-55.7 -826 
-53.6 -8-15 
-56.6 -8.40 
-602 -8.02 
-54.5 -8.09 
-57.6 -725 
-35.0 +om 

-4  dowat dOs0 

- 4.B 

-6.10 0.18 

-6.69 137 
-7.87 320 - 281 

-835 - - - 
- - 

-7.87 1092 
-799 10.45 
-8.44 4.11 
-8.59 3.42 
-8.66 391 
-897 240 
-8.19 724 
-8.16 - 
-8.45 6.41 
-853 5.74 
-820 8.14 
-750 -5.49 
5.07 - 



TABLEllX.3. (coat) 

Sample 
-- Temp pH-l Li Na K Mg Ca Cl HCO C - - _ _ - - - _ _ - -  3 0 3 s 0 4 s i o 2 B  No. Date 

Cold Meteoric Waters 
GT-88-8 88/07/07 
GT-89-55 89/02/2l 
GT-88-20 88/07/08 
GT-88-23 88/07/09 
GT-89-79 89/03/01 
GT-88-2!5 88/07/09 
GT-88-27 88/07/11 
GT-89-91 89/03/07 
GT43!%28 88/07/11 
GT-89-78 89/03/01 
GT-88-35 88/07/13 
GT-89-102 89/03/08 
GT48-36 88/07/13 
GT-89-100 89/03/08 
GT-88-39 88/07/14 
GT-884 88/07/14 
GT-89-67 89/02/25 
GT-88-43 88/07/16 
GT-884 88/07/16 
GT-88-48 88/07/16 
GT-89-76 89/03/01 
GT-88-49 88/07/16 
GT-89-56 89/02/21 
GT-8964 89/02/23 
GT-89# 89/02/24 
GT-89-75 89/03/01 
GT-89-93 89/03/06 

GT-89-98 89/03/07 
GT-89-99 89/03/07 

GT-89-% 89/03/06 

Notes: Chemicalanah 

22.1 6.43 
20.0 729 

20.0 6.13 
175 6.69 
223 651 
213 6.44 
172 7.73 
24.1 658 
25.1 7.05 
23.4 6.39 
235 6.80 
222 6.75 
20.7 726 
20.4 6.11 
253 6.51 
224 7.30 
24.8 6.45 
24.7 6.06 
227 628 
21.1 7.40 
228 6.07 
222 7.53 
25.0 794 
20.8 755 
30.0 727 
21.9 8.00 
21.7 7.10 
27.8 6.% 
- 5.36 

rses by P. E. TI 

- - 
0.M 95  3.0 6.1 20.6 19 117 

4.01 10.6 3.1 7.4 25.4 25 98 

0.01 5.5 2 1  2 2  109 25 49 
0.01 59  1 9  22 9.6 1.7 37 
4.01 14.6 25 5 2  53.4 2.5 152 
4.01 7.8 23 3.8 10.7 1.4 88 
4.01 120 29 7.1 16.6 1.0 53 
4.01 10.1 2 7  7.1 283 1 2  159 
4.01 9.6 1.8 6.4 2.8 15 115 
0.01 10.6 11 3.1 8 3  43  76 
0.01 95  12 3.1 9.0 4.8 78 

4.01 29 1.0 4.8 702 1.6 242 
4.01 3.1 1 5  5.0 689 15 240 
4.01 9.7 3.6 163 413 14.4 56 
4.M 9.7 2.7 8.5 163 0.6 149 
4.01 9.7 2 9  8.9 16.0 0.8 128 
4.M 17.6 3 2  11.1 35.6 1.5 122 
4.01 95 5.0 482 160 253 54 

4.01 9.6 2.6 8.9 27.4 1.0 161 
4M 17.8 3 2  57.0 52.0 285 39 
4.01 17.4 27  162 595 5.7 126 
0.02 142 3.0 11.1 25.8 3.0 166 

(0.01 10.6 0.8 6.5 13.7 1.4 107 
0.M 213 5 2  6.1 162 14.4 121 
0.01 10.8 3 2  8.1 21.4 2.5 37 

4.01 10.8 29 127 265 15.7 142 
0.01 14.7 26  10.6 243 1.9 138 

d.02 3.1 0.7 0.3 1.0 27 98 

- - -  - - -  - 

<om 5.8 4.0 3.7 15.6 2.2 78 

vjillo and D. Counce. 

- 132 67 - 21.1 81 

- 1 2 5 4 8  - 17.7 53 - 110 79 - 1.6 68 
27.6 132 88 - 3.0 74 - 4 2  83 - 3.1 90 - 35 102 
- 4.3 33 - 6.8 36 - 8.7 64 - 1 5  88 - 2.1 90 - 75.Q 85 
- 80.4 53 - 2.7 57 
- 1.6 78 - 72.4 99 - 128 82 
- 4.6 95 
- 3.7 98 
- 8.8 61 
420 6.6 70 - 4.6 93 
- 29.7 94 
- 1.7 <1 

- - -  
dlm 
COLE 

4.02 
4.05 
4.02 
4.m 
4.05 
4.02 
4fi 
4-02 
4.05 
4.m 
4.E 
4.02 
4.02 
4.E 
4.02 
4.02 
4.02 
4-05 
4.02 
4.E 
4.05 
4-05 
4.05 
do.& 
d.05 
4.05 
<o.& 

- 
-603 
-605 
-145 
-595 
-623 
-622 
492 
-50.8 
-51.8 
-50.6 
-469 
-462 
-51.9 
-51.6 
-529 
-535 
-52.8 
-54.4 
-48-6 
-463 
-482 
-41.0 
-60.4 
49.1 
-48.6 
-47.8 

-48.8 
47.6 

- 

-16.4 

- 

-890 
-9.04 
-267 
-8.49 
-950 
-9.Ol 
-7.19 
-7.45 
- 7 s  
-8.06 
-693 
-6.87 
-7.84 
-7.60 
-7.72 
-791 
-793 
-7.75 
-7.w 
-682 
-727 
-6.00 
-897 
-7.19 
-7.40 
-694 

-727 
-7.15 
-357 

- 

dDwatS and dbwats deuteriwk and oxygen-18 analyses by the Stable Isotope Labomtory, E.E.M. at Southern Methodist UNversity, Daaas, 
Texas. 
dowat ovgen-18 d ~ s  of water by P. Gemery and C. Janik; doSOqoxyge1t-l8 analyses of dissolved sulfate by J. Clark, C. Jan&, and L. 
Fahlquist. 
pH-1 measured in laboratory. 
Temp m e a s d  in d e p s C .  
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Chemical Constituents 

Fig. 111. loa. Schoeller diagram of neutral-chloride waters, Tecuamburro region, 
Guatemala. Lines 1 and 2 represent waters of the Colmenares group, whereas lines 3 and 4 
represent the waters east of Los Esclavos and SSE of Tecuamburro Volcano, respectively. 
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Fig. 111. lob. Schoeller diagram of acid-sulfate, steam-heated, and cold meteoric waters, 
Tecuamburro region, Guatemala. Line 1 represents acid-sulfate waters, line 2 represents 
steam-heated waters, and line 3 represents cold meteoric waters. 
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Fig. 111.10~. Plot of sodium versus total bicarbonate. Symbols used in geochemical plots: 
plus=neutral-chloride springs in northern Colmenares area; asterisk=neutral- 
chloride springs in southern Colmenares area; square=acid sulfate springs: 
triangles=steam-heated springs; inverted triangle=cold meteoric waters: 
diamond with plus inside=east of Los Esclavos; square with plus inside=SSE of 
Tecuamburro Volcano. 

Steam-heated waters occur primarily in the altered andesitic 
highland north of Tecuamburro Volcano. Compositionally, they are 
relatively dilute with low concentrations of C1 and trace elements 
commonly associated with high-temperature fluid/rock equilibrium (e.g., 
As, B, Br, and Li). Isotopically they plot on or near the world meteoric 
line (Fig. 111.11) and have variable tritium contents (Fig. 111.12). Gases 
from these springs are relatively low in H2S and relatively high in the air 
components N2, 0 2 ,  and Ar (Table 111.3). Thus "steam-heated" waters are 
composed primarily of near-surface groundwaters of varying age heated 
by condensation of steam from a boiling reservoir below and/or by high 
subsurface heat flow. 
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Fig. 111.11. Plot of deuterium versus oxygen-18. 

Location 
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Fig. 111.12. Plot of tritium versus chloride. Circles are neutral chloride springs of the 
Colmenares groups, the square is a neutral chloride spring SE of Tecuamburro, 
the triangle is a neutral chloride spring east of Los Esclavos, pluses are steam- 
heated springs, Xs are acid-sulfate springs, and dark circles are rainwater. 

Acid-sulfate springs occur only adjacent to Laguna Ixpaco and at two 
small sites to the west. Compositionally, they are relatively low in pH 
(<3), they have very high sulfate concentrations, moderate concentrations 
of volatile to partly volatile components such as B and NH4, and low 
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concentrations of C1, Li, Br, and As. Contents of Ca+Mg are greater than 
Na+K. Isotopically, acid-sulfate springs exhibit a typical evaporation 
trend of increasing aD and 3180 and have tritium contents of 1 to 3 T.U., 
indicating that a large fraction of the water is young meteoric water 
(probably shallow groundwater). Presumably, the volatile components 
and steam originate from a high temperature reservoir boiling at depth. 

Acid-sulfate springs in the Laguna Ixpaco area are associated with 
fumaroles and gas seeps with very high concentrations of H2S (Table 
111.4). Gas seeps west of Laguna Ixpaco have similar C02/H2S ratios, but 
H2 values are considerably lower and CH4 values are slightly higher. 
Gases of similar composition issue from low-pressure fumaroles at the 
sulfur mine near the summit of Tecuamburro Volcano: these fumaroles 
are not associated with permanent acid springs. All of these gases have 
nearly the same relative concentrations of N2, He, and Ar, indicating a 
common parent fluid. The high relative N2 concentration suggests a 
magmatic gas contribution is present. 

As of this writing, we only have comprehensive stable isotopic data 
for neutral-chloride springs of the Colmenares Group. Springs in this 
group form a cluster of points shifted about 1 to 1.5 permil to the right of 
the world meteoric line. Curiously, the Colmenares points are shifted to 
the right with respect to cold springs such as Finca Las Delicias in the 
andesite highland (Fig. 111.1 1). suggesting recharge from this area. The 
isotope data do not suggest recharge of the Colmenares springs from a 
source at Tecuamburro Volcano. 

The single chloride-rich spring sampled SSE of Tecuamburro 
Volcano plots on the same B versus C1 mixing trend as Colmenares waters 
(Fig. 111.13) and has a few other chemical similarities to Colmenares 
waters (e.g., As/C1 and Br/Cl). The "SSE spring" is different from 
Colmenares waters in contents of Si02, Mg, HCO3, and Na/K ratio. At 
this time, it is impossible for us to conclude if the two locations are 
hydrologically connected and chemically related. The spatial separation 
of the two sites and the abrupt hydrologic control of Colmenares springs 
by the east-west fault shown in Fig. 111.1 would argue that the sites are 
hydrologically separated. 

Neutral-chloride springs issuing east of Los Esclavos are 
compositionally different from Colmenares waters in ratios of B/C1 (Fig. 
111.13), Li/Cl, As/Cl, and Na/K and in contents of Si02, Mg, and HCO3. 
The Los Esclavos springs are also composed of at least 50% young 
meteoric water, determined from their high tritium content (-6 T.U.). 
The springs east of Los Esclavos and those at Colmenares cannot be part 
of a single geothermal system. 

Neutral-chloride springs have relatively high concentrations of C1, 
As, B, Br, and Li, but they have only moderate concentrations of SO4 and 
H C 0 3 compared with neutral-choride fluids from drilled, high- 
temperature geothermal fields (Fournier, 198 1). The Tecuamburro 
examples contain only modest concentrations of Si02 (1150 mg/kg) and 
relatively high concentrations of Ca+Mg, suggesting either moderate 
temperatures of subsurface equilibration (< 180OC) or mixing with cool 
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TABLEIIL4- GAS DATA FROM FUMAROLES AND THERMAL S " G S  IN THE REGION OF TECUAMBURRO VOJXANO, 
GUATEMALA (Concentmtions m mol% and permil PDB.) 

Sample 
No. Date Temp CO, H2S H2 a 4  NH3 N2 He Ar 0 2  13C-C9 T-DP -- ------- 

Neutrd-Chloride Springs 

GT-89-7l 89/03/06 %.9 2757 0.0759 0.0146 0.2609 ND 69.67 0.0445 1.036 1.m -65 100 
GT-89-97 89/03/07 343 91.96 0.0211 o.ooo72 0.0451 ND 7.669 O.OOO93 0.1076 0.1784 -55 114 

Acid-Sulfate Surbs 

GT-88-4 
GT-89-54 
GTa3-5 
GT-89-53 
GT-88-6 
GT-88-24 
GT-89-70 
GT-88-32 
GT-89-69 
-438-33 

88/07/07 
89/02/21 
88/07/07 
89/92/21 
88/w/cn 
88/07/09 
89/02/25 
88/07/12 
89/02/25 
88/07/12 

77.0 
85.2 
85.0 
935 
715 
33.0 
20.1 
28.0 
255 - 

87.99 
86.94 
87.12 
8759 
88.06 
89.60 
8826 
88.40 
8857 
87.78 

7.860 
9353 
9381 
9.133 
8.843 
7218 
8.180 
8.157 
8320 
71)69 

0.9057 
0.7588 
0.6155 
0.6565 
0.1109 
0.001% 
0.00040 
0.00055 
o.Ooo41 
O.OOO64 

0.0121 
0.0102 
0.087 
0.0092 
0.0086 
0.0288 
0.0323 
0.0299 
0.0290 
0.0427 

0.0044 
ND 
ND 

0.0014 
ND 

0.0021 
ND 

O.OOO9 
ND 

0.0018 

3.196 
2905 
2.836 
2582 
2.924 
3.133 
3515 
3384 
3.061 
5.077 

O.ooO23 
ND 

0.00021 
O.OOO22 
O.oOo35 
O.ooo34 
0.00039 
O.OOOS9 
O.ooO34 
O.ooo56 

0.0144 
0.0085 
0.0116 
0.0079 
0.0150 
0 . m  
0.0 
0.0130 
0.0074 
0.0245 

om21 
0.0026 
ND 
ND 

0.HEO 
ND 
0.0012 
ND 

0.0015 
ND 

-3.2 
-35 
-3.0 
-3.1 
-3.4 
-3.0 
-4.8 
-3.6 
4.7 
-2.9 

298 
297 
292 
293 
238 
192 
159 
166 
160 
165 

Fumaroles, Sulfur Mine Near Ternamburro Summit 

GT-88-21 88/07/09 94.9 86.22 10.65 0.00145 0.0086 0.0018 3.076 O.ooO35 0.0129 ND -2.7 199 
GT-89-80 89/03/03 95.0 8535 1158 0.001% 0.0051 ND 3.036 O.ooO36 0.0169 0.0012 -3.0 212 

Steam-Heated Sp-s 

GT-88-34 88/07/12 42.0 78.41 1.721 O.OOO84 0.9760 0.0031 18.73 0.00188 0.223 ND 4.9 140 
GT-8948 89/02/25 40.8 83.10 02XE 0.00132 0.9556 ND 15.49 0.00130 0.188 O.Oo50 -4.6 130 
GT-88-42 88/07/15 98.6 9537 02120 0.0550 0.0464 0.0221 4.230 0.00102 0.0330 0.0282 -2.6 163 
GT-89-101 89/03/08 97.0 9536 0.1485 0.0548 O.opo6 0.0034 4.223 0.00182 0.0388 0.1428 -2.9 160 

4 w Notes: Analyses by C. Janik and L. Fahlquist 
T-DP = Empirical gas geothermometer temperatures (D'Amore and Panichi, 1980) in degrees C 
ND =Not Detected. 



dilute waters. A plot of B versus C1 (Fig. 111.13) reveals that mixing is an 
important hydrologic process for the large group of springs in the 
Colmenares area. This plot also shows that although most Colmenares 
springs have a constant B/Cl ratio, which indicates mixing, all springs 
east of Los Esclavos and some Colmenares springs have lower ratios, 
suggesting evolution differences. 
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Fig. 111.13. Plot of boron versus chloride. 

Figure 111.14, a plot of Li versus C1, also indicates mixing. In this 
plot most analyses fall along a mixing line, with similar Li/C1 ratios: 
waters from east of Los Esclavos plot above the line (higher Li/Cl ratios) 
and water from SSE of Tecuamburro Volcano plot below the line (lower 
Li/Cl) , Different rock types or different equilibration temperatures could 
explain these differences. Also note that Li concentrations are lower than 
those of B and may have more analytical variation. 

The cool fluids that mix with Colmenares thermal waters have 
interesting geochemistry. If we examine a plot of a180 versus C1 (Fig. 
111.15). we see that neutral-chloride waters of all types display a rather 
restricted range in 8180 even though C1 vanes dramatically: this requires 
that the cool mixing fluids originate from one general source area. 
Because Colmenares fluids discharge along a 7-km-long stretch of the Rio 
Los Esclavos, the "aquifer" responsible for mixing must also be extensive. 
On the other hand, tritium variations in the mixed waters are dramatic 
(Fig. 111.12). suggesting that the aquifer is not homogeneous with respect 
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to age. The plot of Na versus HCO3 (Fig. 111.10~) indicates that the mixing 
fluid might be relatively HCO3-rich, and similar to many steam-heated 
waters of the andesitic highland northwest of Colmenares. Although not 
all stable isotopic analyses have been completed, the data in hand 
indicate that recharge to hot. Colmenares fluids and the source of the cool 
"aquifer" responsible for mixing both originate in the andesitic highlands. 

The neutral-chloride springs in the Colmenares area can be divided 
into two groups, northern and southern. The southern springs have 
significantly lower concentrations of K and Mg, and different flow paths, 
types of mixing processes, and reequilibration histories. All springs in 
the Colmenares area issue from fractured andesitic rocks (laharic 
breccias and lava flows) or from alluvium along the river. Chemical 
differences in spring waters cannot be caused by differences in rock 
types. 

All gases collected from the Tecuamburro region thus far have 
313C-CO2 values between -2.6 and -4.9 permil. These values are heavier 
than those thought to be derived solely from C02 in volcanic/mantle 
sources (-5 to -8 permil) but are similar to values found from marine 
limestones (Hoefs, 1973). Mesozoic limestones are abundant in Central 
America north and east of Tecuamburro and a few scattered outcrops of 
limestone are found south of the Jalpatagua fault zone east of 
Tecuamburro. Thus, it appears that much of the C02 in the geothermal 
prospect region is derived by thermal decarbonation of limestones in 
"basement" rocks buried by Tertiary volcanic rocks. 

3. Tritium 
Tritium, a radioactive form of hydrogen present in water in small 

concentrations, is useful in determining the relative ages of groundwaters 
because it has a short half-life (12.43 years) and because it was produced 
in large amounts during atmospheric nuclear tests of the 1950's and early 
1960's 

+ ++ + + 
c+ 
@ + +  * + N Colmenares 
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EE SSE of Tecuamburro 
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~ 0. 100 200 300 400 500 600 700 800 900 
Chloride (mgkg)  

Fig. 111.14. Plot of lithium versus chloride. 
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Fig. 111.15. Plot of oxygen- 18 versus chloride. 

(Fontes, 1980). As a result of these tests, atmospheric tritium levels 
peaked in 1963 and have decreased steadily since. Tritium levels vary 
greatly by latitude. In 1963 atmospheric tritium in precipitation in the 
southwestern United States averaged 2800 tritium units (T.U.) (Vuataz 
and Goff, 1986), whereas in Veracruz, Mexico, it reached a maximum of 
only 65 T.U. ( IAEA data are referenced in Goff e t  al., 1987). 
Atmospheric tritium also varies seasonally, with the highest levels 
occurring in the summer months and the lowest levels in the winter 
months. For example, at San Salvador, El Salvador, the tritium level in 
precipitation during August 1972 was 16.7 T.U. and in November of that 
year it was only 4 T.U. 

For our investigations, 16 samples of cold water (12 springs, 2 rain, 
1 stream, 1 well) from the Tecuamburro region were analyzed for tritium 
content (Table 111.2). Background levels of present (1988- 1989) 
precipitation are estimated using the rain samples (collected in different 
seasons) that contain 3.5 and 3.1 T.U. These values agree well with 
concentrations measured in rainwater from Tegucigalpa, Honduras in 
October, 1985 (2.6 and 3.4 T.U.). Values of cold waters higher than 4 
T.U. must reflect slightly older precipitation that entered the 
groundwater system several years ago when atmospheric tritium levels 
were higher. Thermal springs having tritium values of approximately 0.5 
T.U. must be composed primarily of older waters that infiltrated before 
the start of widespread nuclear testing (ca 1953). 

Relative ages and mixing processes in thermal waters are shown by 
a plot of tritium versus chloride (Fig, 111.12). Cold groundwaters tend to 
have the lowest chloride and highest tritium. Steam-heated waters have 
the same range of chloride but a lower range of tritium values. Some 
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steam-heated waters such as Finca El Chorro (0.14 T.U. in July 1988: 1.0 
T.U. in February and March, 1989) sometimes contain a large proportion 
of old water, but substantial seasonal variations in tritium contents 
indicate connection to a shallow groundwater system. Other steam- 
heated waters such as Finca El Sllencio (4.85 T.U.) are composed 
primarily of shallow groundwater. 

Acid-sulfate waters are generally composed of steam from a boiling 
reservoir at depth mixed with near-surface groundwater. Values of 1.7 
and 2.9 T.U. obtained from two different acid-sulfate springs at Laguna 
Ixpaco are consistent with this origin. 

Neutral-chloride waters in the Tecuamburro region have a larger 
range of tritium and chloride values. The springs with the highest 
chloride concentrations (Colmenares area) have the lowest tritium (SO. 5 
T.U.). In contrast to simple mixing suggested by the boron versus 
chloride plot (Fig. 111.13). the tritium-chloride relations show that 
shallow groundwater of varying ages are involved in mixing. One warm 
spring in the southern end of the Colmenares group contains over 8 T.U., 
indicating mixing with groundwater of intermediate age containing 
elevated tritium. A similar mixing process must be occurring in the 
group of neutral-chloride springs east of Los Esclavos because the highest 
temperature spring (41°C) contains about 6 T.U. On the other hand, the 
warm, neutral-chloride spring southeast of Tecuamburro appears to be a 
mixture of geothermal water and older groundwater because it contains 
only 1.0 T.U. 

If we assume that Colmenares fluids with the highest chloride 
contents are representative of relatively undiluted geothermal fluids (10.5 
T.U.) from a deep reservoir, it is possible to estimate the mean residence 
time of water in the same reservoir of Colmenares using methods 
outlined in Goff et al. (1987, p. 18: adapted from Pearson and Truesdell, 
1978). Assuming the geothermal reservoir is well mixed, Table 111.5 lists 
mean residence times of water in aquifers of varying tritium contents for 
a sequence of sampling years. For a value of 50.5 T.U. collected in 1988- 
1989, the mean residence time is -350 years. 

4. Geothermometry 
One method of investigation used to explore for geothermal energy, 

is the application of fluid geothermometers to hot spring discharges to 
estimate subsurface temperatures. Geothermometers depend on 
temperature-sensitive reactions between fluids and rocks or reactions 
within the fluid. These reactions must be sufficiently slow so that 
evidence of equilibration temperature remains "frozen in" as fluids rise to 
the surface. The most successful geothermometers depend on (1) 
solution of silica minerals, (2) cation exchange with feldspars, micas, and 
possibly clays, (3) equilibria of gases with rock minerals, and (4) isotopic 
fractionation between fluid constituents. Geothermometers used in this 
report are listed in Table 6; their application has been reviewed by White 
(1970), Truesdell (1976). Fournier (1981), and Henley et al. (1984) 
among others. 
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TABLE III.5 TRllTUM CONCENIRATION AND RESIDENCE TIMES FOR SELEClED BASE 
YEARS IN CENTRALMRICA. WELGMIXED CASE (from Goff et al.. 1988). 

 residence^ 
L 

1 .o 
2.0 
3.0 
4.0 
5.0 
7.5 

10.0 
12.6 
15.0 
17.5 
20.0 
22.5 
25.0 
27.5 
30.0 
40.0 
50.0 
75.0 

100.0 
150.0 
200.0 
300.0 
400.0 
600.0 
750.0 

1Ooo.o 
1 ~ 0 . 0  
2000.0 
9000.0 
4000.0 
mo.0 
7600.0 

1Oooo.o 
1mo.o 

1985 1986 - -  
1.70 1.46 
1.91 1.63 
2.19 1.88 
2.58 2.21 
3.02 2.59 
4.01 3.49 
4.03 4.00 
4.91 4.40 
5.00 4.51 
4.96 4.51 
4.86 4.44 
4.72 4.33 
4.57 4.20 
4.40 4.07 
4.24 3.93 
3.68 3.41 
3.18 2.88 
2.38 2.24 
1.89 1.78 
1.33 1.26 
1.03 0.98 
0.71 0.67 
0.54 0.51 
0.43 0.41 
0.29 0.28 
0.22 0.21 
0.15 0.14 
0.11 0.11 
0.07 0.07 
0.06 0.05 
0.04 0.04 
0.03 0.03 
0.02 0.02 
0.01 0.01 

1.25 1.07 0.92 
1.40 1.20 1.03 
1.81 1.38 1.18 
1.89 1.61 1.28 
2.22 1.90 1.63 
3.04 2.64 2.30 
3.61 3.19 2.81 
3.93 3.51 3.13 
4.07 3.66 3.30 
4.09 3.71 3.36 
4.05 3.69 3.37 
3.97 3.63 3.33 
3.86 3.65 3.26 
3.75 3.46 3.18 
3.63 3.35 3.10 
3.17 2.85 2.74 
2.78 2.60 2.43 
2.10 1.98 1.86 
1.68 1.58 1.48 
1.19 1.13 1.06 
0.92 0.87 0.89 
0.64 0.60 0.67 
0.48 0.46 0.44 
0.39 0.37 0.35 
0.26 0.25 0.24 
0.20 0.19 0.18 
0.13 0.13 0.12 
0.10 0.10 0.09 
0.07 0.06 0.06 
0.05 0.05 0.05 
0.04 0.04 0.04 
0.03 0.03 0.02 
0.02 0.02 0.02 
0.01 0.01 0.01 

0.79 
0.88 
1 . O l  
1.18 
1.40 
1.99 
2.48 
2.79 
2.97 
3.05 
3.06 
3.04 
2.99 
2.83 
2.86 
2.55 
2.27 
1.74 
1.40 
1.01 
0.78 
0.54 
0.41 
0.33 
0.23 
0.17 
0.11 
0.09 
0.06 
0.04 
0.03 
0.02 
0.02 
0.01 

1995 2000 

0.37 0.17 
0.41 0.19 
0.47 0.22 
0.55 0.25 
0.65 0.30 
0.98 0.47 
1.90 0.67 
1.55 0.85 
1.73 0.99 
1.84 1.09 
1.90 1.16 
1.93 1.21 
1.93 1.23 
1.92 1.24 
1.90 1.24 
1.75 1.19 
1.59 1.11 
1.26 0.90 
1.03 0.75 
0.75 0.56 
0.59 0.44 
0.41 0.31 
0.31 0.24 
0.25 0.19 
0.17 0.13 
0.13 0.10 
0.09 0.07 
0.07 0.05 
0.04 0.03 
0.03 0.03 
0.03 0.02 
0.02 0.01 
0.01 0.01 
0.01 0.01 

- -  

Silica geothermometers depend on saturation with silica minerals 
(usually quartz at temperatures above 140°C and chalcedony 'at lower 
temperatures) and equilibrate rapidly at moderate to high temperatures. 
These geothermometers are fully equilibrated in most geothermal 
reservoirs. They are, however, affected by dilution and reequilibration 
during ascent of fluids to the surface. Silica geothermometers applied to 
spring samples usually do not indicate temperatures above about 22OOC 
because solutions saturated with quartz at or above this temperature 
rapidly precipitate amorphous silica during ascent and cooling to surface 
temperatures. 

Cation geothermometers include the K/Mg (Giggenbach et al., 
1983: Giggenbach, 1986), Na/K (Ellis and Mahon, 1964; White, 1970: 
Truesdell, 1976; Fournier, 198 l), and Na/Li (Fouillac and Michard, 
1981) ratios and the Na-K-Ca function (Fournier and Truesdell, 1973). 
These geothermometers equilibrate only in the presence of feldspars or 
other alumino-silicate minerals. Their rate of reequilibration during 
ascent depends on the cation concentrations (dilute solutions equilibrate 
more rapidly than concentrated ones), the flow rate and temperature 
during ascent, and the minerals encountered during ascent (if the 
upflow channels are lined with silica minerals, cation reequilibration is 
greatly slowed or prevented). In general, the K/Mg geothermometer is 
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the fastest to reequilibrate at lower temperatures: the N a / L i  
geothermometer reequilibrates slowly during ascent and may not be fully 
equilibrated in reservoirs whose temperatures are below 250 to 300OC. 
The Na/K White-Ellis equation generally yields lower temperatures than 
the Fournier equation, and together they bracket Na/K geothermometer 
temperatures. 

Geothermometers based on Na/K ratios are generally similar to the 
Na-K-Ca geothermometer but can be applied only to low-Ca waters. For 
high-Ca waters Na /K geothermometers give unreasonably high 
temperatures. Na/K geothermometers have the advantage of being little 
affected by dilution so long 

TAE3IJ3 III.6. EQUATIONS EXPRJBSING THE TEMPERATURE DEPENDENCE OF SELECTED 
GEOTHERMOMETERS IC is the concentration of dissolved silica.) 

Equation 
Geothermometer (Dissolved Components in mg/); Gas Components in ~01%) Restrictions 

Chalcedony 

Na/K (White and Ellis] 

Na/K (Fournier) 

Na-K-Ca 

Na-LI a 

K-Mg 

T”c = --- lm9 273.15 
5.19 - log c 

TOc = --- 1032 273.15 
4.69 - log C 

- 273.15 055.6 Toc = - 
log (Naja + 0.8573 

19c = - 1217 -273.15 
log (Na/K] + 1.483 

T = 0- 150°C 

T 2 150°C 

TL 150OC 

Toc = - 1647 - 273.15 T <lOO°C. 8=4/3 
log (Na/lK) + f3 ( log (dc/Nal+ 2.06 I + 2.47 T ZlOO’C, 8=1/3 

- 273.15 1000 
log (Na/L1) + 0.38 

T C  = 

- 273.15 44 10 TQC = 
log (Mg/K2) + 13.95 

T = O-300°C(?) and Clc7000 mg 

T 2100°C 

2.88 x 10 -273.15 where T = 100-30O0C(7) 

Tecuamburro 79 



TABLE 111.6. (cont) 

Gas (CO2-H2S-Cb-H2) T T  = 24775 -273.15 
a + p + 36.05 

T = 100-3oo"C 

H2S 
and 

CH4 *2 
a = 210~--660g--3~og- 

p = 7 l o g P  co2 

=7i fC02<75vo l%;P =O.latm 

= 0 if C 0 2  >75 vel% CH4 < 2%: %S < 2H2: Pco2 = 1 atm 

= -7  if C 0 2  >75 MI% CH4 > 2H2: HZ S > 2H2: Pco2 = 10 atm 

co2 

a components in mhols. 

as the thermal water is much more concentrated than the diluting water 
and reequilibriation does not occur as a result of mixing. In general, the 
Na-K-Ca geothermometer gives satisfactory results with the widest range 
of water types. It does not have a sharp upper temperature limit (like 
silica) but may partially reequilibrate in passage from higher-temperature 
reservoirs to the surface unless flow is extremely rapid within inert 
upflow channels and there is no significant precipitation of calcite (and 
loss of Ca) caused by boiling. Waters that lose heat by conduction during 
moderately slow flow through silica-lined conduits and do not boil may 
also arrive at the surface unchanged in Na-K-Ca temperature. Waters 
containing high Mg may give high-temperature indications and require an 
Mg correction (Fournier and Potter, 1979), but Mg is generally low in 
waters with temperatures above 200OC. The Mg correction should be 
used with caution because it is not reasonable to correct for Mg that 
enters thermal waters through mixing. 

If cold, dilute water mixes with thermal fluid during ascent to the 
surface, it may prevent or reduce reequilibration and preserve evidence 
of deep temperatures. Several "mixing models" have been suggested by 
Fournier and Truesdell (1974) and Truesdell and Fournier (1976, 1977). 
Although useful formulas are available, these mixing models can most 
easily be used graphically. For warm (not boiling) spring waters and cold 
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waters, the enthalpy and silica contents may be considered to be 
conservative components, and a mixing line can be drawn between 
representative points. This mixing line may be extrapolated to the 
solubility curve of the silica mineral (usually quartz) that is thought to 
control concentrations of dissolved silica in the reservoir. The enthalpy 
at the intersection of the mixing line and the solubility curve indicates 
the reservoir temperature. This mixing model assumes no loss or gain of 
silica or heat either before or after mixing. Equilibration after mixing is 
assumed not to have occurred because the temperature is low and the 
reaction rate is very slow. Conductive cooling commonly occurs after 
mixing, and the temperature indicated is then too high. This method 
should be used only for springs with high discharge volumes in which 
conductive cooling is unlikely. This method should also be used if cation 
geothermometer temperatures are much higher than quartz solublity 
temperatures. 

The most widely applied isotope geothermometer involves 
fractionation of oxygen between water and dissolved sulfate (McKenzie 
and Truesdell, 1977). This geothermometer completely equilibrates in 
geothermal reservoirs whose temperatures are above 150°C and only 
slightly reequilibrates in spring waters ascending at average velocities. 
Corrections must be made, however, for mixing with H20 or SO4 of 
different origin and for isotopic changes in water oxygen .caused by 
boiling. The changes in water isotopes caused by boiling depend on the 
amount of boiling and the temperature of steam separation. The 
maximum effect occurs if cooling is entirely by boiling and all steam 
separates at the surface (adiabatic cooling): there is less effect if steam 
separates as it is formed (continuous separation); and, of course, there is 
no isotopic change if the water cools conductively without steam loss 
(conductive cooling). This geothermometer may indicate temperatures 
somewhat higher than those found upon drilling. 

Gas geothermometers are generally difficult to apply to hot spring 
and fumarole gases because most of the pertinent equilibria are pressure 
sensitive and competing gas reactions differ greatly in reaction rate. Gas 
pressures cannot be calculated without knowledge of the gas/total water 
ratio, which is usually unavailable for hot spring discharges. Despite 
these difficulties the empirical D'Amore-Panichi ( 1980) geothermometer 
has been surprisingly successful in a wide variety of systems. 

Gases from acid-sulfate springs and from the sulfur mine (near Pefia 
Blanca) yield estimated subsurface temperatures of 160' to 300" C. Gases 
from Laguna Ixpaco, the most vigorous area of fumarolic activity, 
consistently yield the highest temperatures (Table 111.4). Gases from 
lower pressure vents with small gas volumes yield lower temperature 
values, possibly because of chemical alteration of gas composition in the 
near-surface environment. 

Steam-heated waters north of Tecuamburro are not suitable for 
geothermometry because of their relatively low equilibration temperature 
in the near-surface environment. Subsurface temperatures estimated 
from gas geothermometry at two sites of steam-heated springs suggest 
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that a source of steam at 140' to 165" C may underlie the altered 
andesitic highland. 

Geothermometer temperatures calculated from analyses of neutral- 
choride waters in the Tecuamburro region are given in Table 111.7. 
Calculated reservoir temperatures for the neutral-chloride springs of the 
Colmenares Group range from 130 to165'C, with springs in the southern 
area giving temperatures approximately 2OoC lower than the springs in 
the north. Estimates based on the quartz geothermometer (124' to 134' 
C) are lowest, reflecting the fact that these springs are mixed. Cation 
geothermometers yield a very tight range of 145 to150'C. Estimates 
based on the 1 8 0  -SO4 geothermometer are slightly higher. Calculated 
reservoir temperatures for the other two sites of neutral-chloride springs 
show more extreme variations than Colmenares waters; the lone sample 
from the "SSE spring" yields the highest estimated reservoir temperature 
(160 to 205OC). 

Silica-spring temperature relations for the Tecuamburro region are 
shown in Fig. 111.16, which is a plot of solubility curves for amorphous 
silica, chalcedony, and quartz. Precipitation of amorphous silica is rapid 
and, unless silicates are being actively dissolved, little supersaturation 
occurs; this is possible for the two cool, acid-sulfate waters. Cold water 
silica contents are variable but cover the range of the Colmenares neutral- 
chloride waters so that dilution of the Colmenares waters with cold water 
might not change Si02 concentrations. This is probably the origin of the 
flat mixing line shown for northern Colmenares samples. 
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TABLE m.7. CHEMICAL AND ISOTOPIC GEOTHERMOMETW TEMPERATURES FOR NEUTRAGCHLORIDE 
WATERS 

Sample Ts04 
No. Date Temp TQC TCH TNK-WE TNK-F Ti3 TNaLi TKMg (cond) (csl) ----------- 

Colmenares, Northern Area 
GT-88-2 88/03/17 90.0 131 101 102 146 144 149 118 - 
GT-88-13 88/07/08 90.4 131 102 102 146 144 140 118 - - 
GT-88-9 88/07/08 70.0 135 106 109 152 149 151 118 187 172 
GT-89-83 89/03/04 82.4 133 104 109 152 148 152 115 184 172 
GT-88-10 88/07/08 60.0 132 103 109 151 143 149 (91) 173 159 
GT-89-84 89/03/04 65.4 133 104 112 154 143 150 (86) - - 
GT-88-11 88/07/OS 782 130 101 107 150 144 150 102 - - 
GT-88-12 88/07/08 94.3 132 103 105 148 145 153 120 171 162 
GT-89-85 89/03/04 95.8 135 106 102 145 144 153 116 186 176 
GT-88-14 88/07/08 77.2 133 104 107 150 146 145 113 - I 

GT-89-86 89/03/04 75.0 133 104 105 148 144 152 107 - I 

GT-88-15 88/07/08 82.5 134 105 101 145 143 148 118 - 
GT-89-87 89/03/04 92.4 135 106 102 146 143 153 116 185 174 
GT-88-45 88/07/16 962 135 106 109 152 147 149 120 173 165 
GT-89-71 89/02/25 96.5 141 114 102 146 145 147 117 184 173 
GT-88-46 88/07/16 88.8 137 109 114 156 149 148 116. - 
GT-89-72 89/02/25 87.4 139 110 106 149 146 150 113 185 1 73 

Averages 134f3 105f3 106f4 149f3 145f2 149f3 115f5 181f7 170f6 

Colmenares, Souther 
GT-88-16 88/07/08 
GT-89-57 89/02/22 
GT-89-58 89/02/22 
GT-89-59 89/02/22 
GT-89-40 89/02/22 
GT-89-61 89/02/22 
GT-89-62 89/02/22 
GT-89-63 89/02/23 

Averages 

n Area 
83.7 
802 
862 
85.0 
36.0 
53.5 
85.0 
85.2 

120 90 (45) (94) (103) 133 
120 90 61 109 114 135 
121 90 67 114 118 134 
131 101 64 112 117 133 
128 98 (169) (202) (153) (116) 
131 101 (88) (133) (126) 128 
119 88 61 109 114 131 
122 91 64 111 116 131 
124f5 94 f5  63 f3  111f2 116f2 132f2 

107 160 152 
108 160 151 
115 161 153 
107 161 152 
(56) 
(73) 
116 168 159 
111 165 156 
111f4 163f3 154f3 

- - I 

E of LQS Esclavos 
GT-88-3 88/03/21 37.0 146 119 146 183 162 135 73 - - 
GT-89-73 89/03/01 37.5 157 132 156 192 170 139 79 187 167 
GT-89-74 89/03/01 41.8 157 131 145 182 169 141 83 190 170 

Averages 153f5 127f6 149f5 186f5 167f4 238f3 78f4  

SSE of Tecuambuno Volcano 
GT-89-97 89/03/07 392 157 132 172 205 177 92 77 122 113 

Notes: Quartz solubility data from Fourder and Potter (1982); other silica data from Fournier (1981). 
Temperatures in degrees C. 
TQC 
TCH Chalcedony saturation. 
TNK-WE 
TNK-F Na/K (Fournier, 1979). 
T13 
TNaLi 

Tso 
(con& 
(csl) 
Averages exclude data in parentheses. 

Quartz saturation with conductive cooling. 

Na/K (Truesdell, 1976, using data of White and Ellis). 

Na-K-Ca using i3 = 1/3 (Fournier and Truesdell, 1973). 
Na/Li (Fouillac and Michard, 1981). 
K/Mg (Giggenbach et al,, 1983; Giggenbach, 1986). 
0-18 in H 0 and dissolved SO4 (McKenzie and Truesdell, 1977) 
cond bas4 on conductive cooling. 
csl based on continuous steam loss. 

m g  
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Waters from southern Colmenares apparently equilibrated at lower 
temperatures and those from east of Los Esclavos and SSE of 
Tecuamburro Volcano at higher temperatures. These last waters are near 
saturation with amorphous silica and could have precipitated silica during 
ascent to the surface or as a result of surface evaporation. The figure does 
not indicate whether the Colmenares waters equilibrated with quartz or 
chalcedony, bu t  the correspondence of cation geothermometer 
temperatures with quartz saturation temperatures suggests quartz. 

These same data, for neutral-chloride springs only, are shown in 
Fig. 111.17 as quartz saturation temperatures calculated assuming 
conductive cooling during ascent to the surface. Cooling by mixing with 
cold waters of similar silica content would yield the same flat 
temperature line. The neutral-chloride springs east of Los Esclavos and 
SSE of Tecuamburro Volcano indicate temperatures of quartz saturation 
near 1 60°C the more concentrated northern Colmenares waters show 
135"C, and southern Colmenares waters show 120°C. 

Cation (Na-K-Ca) geothermometer temperatures (Fig. 111.18) look 
similar to the quartz temperatures. The same trends and groupings occur 
but temperatures are 145°C for northern Colmenares, 115 to 125" C for 
southern Colmenares, and 160 to175"C for the other areas. The Na-K-Ca 
temperatures are not greatly affected by mixing as shown by nearly 
constant values for northern Colmenares. 
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Fig. 111.16. Plot of silica versus temperature. 
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Because all neutral-chloride springs show evidence of mixing, it is 
no surprise that estimates based on quartz are less than cation estimates. 
If we assume that waters are of the Colmenares Group and the "SSE 
spring" is derived from a 300°C reservoir underlying the Tecuamburro- 
Laguna Ixpaco area, then cation ratios, particularly Na/K, have 
reequilibrated drastically as waters have moved from the reservoir to the 
hot spring sites. 

Based on the geothermometer temperatures, no reservoirs of high 
temperature underlie the neutral-choride spring sites. Only the Laguna 
Ixpaco area appears to have the estimated subsurface temperature and 
other geothermal characteristics suitable for exploration drilling. 

D. RESERVOIR MODEL 

We present two reservoir models at this time, but neither model 
affects our choice of location for a first exploration well (discussed 
below). In the first model (Fig. III . l9a),  we assume that a liquid- 
dominated reservoir of about 300°C beneath the Laguna Ixpaco area is 
overlain by a vapor-dominated zone not more than a few hundred meters 
thick, This reservoir feeds a large fan of lateral flow systems of hot, 
chloride-rich water to the north, east, and south. These flow systems are 
isolated by a combination of structural and stratigraphic controls such 
that the flow systems feeding the Colmenares group and the "SSE spring" 
have different evolutionary paths. Mixing and reequilibration with rock 
along the flow paths cause the estimated subsurface reservoir 
temperatures to be lower than true reservoir temperatures. 

In the second model (Fig, III.l9b), we assume that two reservoirs 
exist within the Tecuamburro region: one beneath the Laguna Ixpaco area 
and one beneath the altered andesite highland near Infirnitos. The two 
reservoirs are separated from each other by the major east-west fault 
shown in Fig. 111.1. The Ixpaco reservoir has a temperature of about 
300°C and feeds the "SSE spring" by a lateral flow system (that undergoes 
reequilibration). The Infernitos reservoir has a temperature of about 
165OC and feeds the Colmenares group by a second lateral flow system. 
Three geologic arguments support such a model: 1) the entire region 
(not just the Tecuamburro area) is tectonically active, has high heat flow, 
and has late Pleistocene volcanism: 2) a major structural boundary 
confines fluid flow on the south side of the Colmenares group; and 3) 
Colmenares-group springs issue from major fractures in andesite along 
the west bank of Rio LQS Esclavos trending in a N35W direction toward 
Infirnitos. 

Neutral-chloride springs east of Los Esclavos are not part of the 
Tecuamburro "reservoir." They are related to fluid flow and heating 
adjacent to or within the Jalpatagua fault zone and its nearby cluster of 
basaltic cinder cones. 
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Fig. 111.19a. Diagram of Tecuamburro geothermal area, assuming one large geothermal 
system located beneath Tecuamburro Volcano and Laguna Ixpaco (Chupadero crater). 
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Fig. III.19b. Diagram of Tecuamburro geothermal area, assuming two separate but adjacent 
systems, separated by a major NW-SE-trending fault zone. 
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E. EXPLORATION WELLS 
We have selected two sites for exploration drilling to verify 

temperatures and to test our models. Regardless of the model, the first 
well should be drilled very close to Laguna Ixpaco to a depth of at least 
700 m to test temperatures, stratigraphy, and fluid types. If the first well 
is successful, a second well should be drilled to a depth of 700 m just 
north of Laguna Ixpaco and the E-W-trending fault to test whether or not 
there is one geothermal system with outflow in many directions or two 
separate systems. 
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Iv. E L E C T R I C A L  G E O P H Y S I C A L  S T U D I E S  O F  T H E  

(D. B. Hoover1 and H. A. Pierce1) 
T E C U . U R R 0  GEOTHERMIAL AREA, GUATEMALA 

A. INTRODUCTION 

The Tecuamburro geothermal area located in the Department of Santa 
Rosa lies approximately 50 km southeast of Guatemala City. Thermal 
manifestations and extensive regions of hydrothermal alteration cover an 
area of -200 km2 within the Tecuamburro geothermal area which is 
situated generally on the north side of Tecuamburro volcano. The 
geothermal area is bounded on the east and west sides by north-trending 
normal faults that define the 20-km-wide Tecuamburro graben in which the 
geothermal area lies. The graben is bounded on the north by the WNW- 
trending Jalpatagua fault. 

Chupadero crater region within the Tecuamburro geothermal areas as a 
most promising high-temperature geothermal resource (Chap. I ) .  The 
Chupadero crater is at the northern flank of Tecuamburro volcano and 
measures about 4 km across. Nested within it is the 0.5-km-wide Ixpaco 
phreatic crater dated at 2900 years. 

Electrical geophysical studies of the Chupadero Crater region were 
made to assist in selecting exploration drilling sites to test the geothermal 
system. 

B. GEOPHYSICAL METHODS 

I Geological and geochemical studies had earlier identified the 

~ 

I 

Both audio-magnetotelluric (AMT) soundings and multifrequency 
telluric traverses, the two principal electrical methods employed in this 
study, use natural electromagnetic (EM) signals, which in this study's 
frequency range (7.5 to 14 000 Hz) originate from distant lightning storms. 
The USGS has employed the AMT method extensively in geothermal investi- 
gations (Hoover et al,, 1978). The principal advantages of the AMT method 
are its relative low cost and better lateral resolution compared with conven- 
tional DC soundings and its ability to obtain soundings in difficult terrain 
where it is impractical to lay out the long lines required for DC soundings. 
For example, typically we use a 25-m dipole and obtain information to 1 km 
or more (see discussion below on exploration depth), whereas DC methods 
require about 4 km of line to sound to 1 km. The principal disadvantage of 
natural-source EM methods arises from the low signal levels that contribute 
to scatter in the data. The advantages of AMT when working in difficult 
terrain have been discussed by Hoover et al. (1984). 

1. US Geological Survey, Denver, CO 80225 I 
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The USGS has used natural-source telluric methods for many years in 
geothermal studies to define lateral electrical boundaries and large 
throughgoing faults. In the past, most of the telluric work used a single 
frequency of 0.033 Hz (30 second period), This very low frequency gives 
great depth of exploration, but data acquisition is slow and definition of 
near-surface effects t ends  t o  be lost .  Recently we developed a 
multifrequency telluric receiver for use in the AMT frequency range 
Multiple frequencies that cover a large range provide a unique means for 
measuring variations in the earth's resistivity structure, both laterally and 
as a fhnction of depth. 

Telluric measurements, by themselves, provide only a measure of 
relative resistivity variations along a profile. Thus there is no absolute 
measurement of apparent resistivity and no way of referencing one profile to 
another in an absolute sense. This problem can be somewhat overcome by 
measuring an AMT sounding on one dipole of a traverse. If one them 
assumes that the traverse is normal to the electrical structure, he can 
calculate the resistivity along the traverse and reference parallel traverses to 
each other. Because resistivity is not a scalar function of position (it varies 
with the measurement direction), telluric traverses run at large angular 
differences will not tie in areas where structures are complex. 

The angular variations in apparent resistivity about a measurement 
point in structurally complex areas will describe an ellipse if the magnitude 
of the apparent resistivity is plotted as a function of measurement direction. 
Thus, resistivities measured along a traverse in the direction of the minor 
axis of the ellipse will not be the same as those measured, at the same 
position on a traverse normal to the minor axis, Therefore, one should not 
attempt to contour apparent resistivities using traverses run at large angles 
to each other. In areas as structurally complex as Tecuamburro, such 
conditions would be expected. 

Telluric methods take measurements on a three-electrode in-line array 
that comprises two equal dipoles with a common center electrode (Fig. N. 1) 
pair of matched narrow-band tunable voltmeters connects to each dipole, 
and measures the ratio of the voltage of one dipole to the other as a function 
of frequency. For a homogeneous half-space, or for a horizontally stratified 
earth: the voltage measured in each dipole would be the same. In the 
presence of a lateral boundary, the voltages would be different. For a dipole 
array normal to the boundary, the voltage ratio would be proportional to the 
square root of the transverse mode resistivity, 

After making one set of measurements, the dipole array is advanced 
one dipole length in-line, and makes another set of measurements, This 
process is repeated over the desired traverse. Because the voltage on each 
new dipole is referenced to the previous dipole, the relative voltage of each 
dipole may be calculated referenced to the first or any dipole along the 
traverse. 
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Fig. IV. 1 Cartoon illustrating the telluric method where the source energy Is derived from 
distant lightning sources. 

Because the measurements are simple and quick, we measure the self- 
potential (SP) on each dipole at each station, and the AC voltage, using a 
common multimeter. For the SP measurements this provides two 
independent profiles except for the last dipole on each end of the traverse. 
This leapfrog method of SP measurement is not the most desirable because 
errors may accumulate, as is evident in some of the data presented. 
However, we can evaluate the effects of drift and random measurement 
error, having two independent measurements. 

Measurement of the unfiltered AC voltage with a multimeter normally 
measures the dominant 6O-Hz, and in part 180-Hz, signals present in the 
ground, which may be much stronger than the natural signals measured by 
the telluric receiver. These measurements can then be treated in the same 
manner as telluric signals because the source amplitude is generally not 
constant with time, Typically, the unfiltered AC voltages will not only reflect 
changes similar to those observed at frequencies near 60 Hz but also show a 
rapid decrease in amplitude as a traverse moves away from power line 
sources. 
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In the Chupadero crater region, several power lines were encountered 
that posed problems probably related to local inbalances in the distribution 
system and some power return through the ground. In a few cases, data 
taken at frequencies near the 60-Hz power line frequency on dipoles crossed 
by the power lines were seriously biased. However, the higher and lower 
frequencies measured at these sites do not appear to be significantly 
affected. For example, on telluric line 1 at dipole 2.50-2.75 km in the 
middle of Ixpaco village, a large peak is seen on the 75- and 450-Hz profiles 
where a power line is crossed. Because of the proximity and number of 
power lines in the survey area, the unfiltered AC data have not been plotted 
but are tabulated in Appendix D. 

The depth of exploration for these natural-source methods is a 
function of frequency and earth resistivity. Exploration depth is often 
claimed to be e ual to the skin depth of the EM wave, which for a half-space 

and f is the frequency. This really overstates the practical exploration 
depth. The relationship for maximum exploration depth we use is (2) 
3 5 5 m  in meters, This relationship can be understood by referring 
to the sounding graph shown in Fig. N.2. The diagonal lines represent 
constant depth lines from Eq. (2) and are the asymptotic values for a 
sounding curve if a perfect conductor were present at the given depth. This 
graph shows the log of the apparent resistivity on the ordinate and of the 
period on the abscissa. Because we calibrate our system in terms of 
frequency, the abscissa is scaled in the equivalent frequency rather than 
period. This plotting procedure produces sounding curves similar to those 
used in DC sounding methods where depth increases to the right. 

The data presented in Fig. N.2 are for dipole 0.25-0.50 km on Ixpaco 
telluric line 4, The high-frequency data show near-surface resistivities are 
in the range of 100 to  60 ohm-m, and the lower frequencies show the 
sounding decreasing to 6.0 ohm-m at 7.5 Hz. The transition from -60 to 
4.5 ohm-m occurs along a diagonal line equivalent to a depth line of 300 m, 
which indicates the depth to the top of a conductive unit at this site. 

is (1) 6 = 503 & p / in meters, where p is the resistivity in ohm-meters 

C. PRESENTATION OF DATA 

Fig. W.3 shows the location of all telluric traverses measured in this 
survey. The base map used is the Chupadero crater portion of the Cuilapa 
1 :50 000 topographic quadrangle of the Instituto Nacional de Geografico, 
enlarged to a scale of 125 000, Three telluric lines, numbers 1, 2, and 3 
were oriented in an east-west direction and were 4.75 km, 2.75 km, and 
3.25 km long, respectively, In addition to identifying areas of anomalous 
resistivities, these lines identified possible NS-trending structural features 
in the Chupadero crater that might relate to the Tecuamburro graben. Five 
other lines, numbers, 4, 5, 6 ,  7 ,  and 8, were positioned in a northeast 
orientation normal to the other principal structural trend in the region. 
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Fig. IV.2. AMT sounding on dipole 250-500 m of kpaco line 4. Data point shown by a 0. and I shows the error bars. 
Diagonal Wes on alogarithmic scale hdicate the depthofinvdigationas ahnctiondmWivity andmemy. 



7 7s + 

*- 
0 

. . t "  4 I 
I i o  e F U M A R O L I C  AREA 

-c- FAULT 

CHUPADERO CRATER RlNQ F A U L T  I + I568 
779 @ 

+ f l  
* - - - * = - = = ~  T E L L U R I C  L INE,  D O T S  S H O W  E L E C T R O D E  P O S I T I O N  
0. 0. f 

NUMBERS SHOW D I S T A N C E  I N  K I L O M E T E R S  

S C A L E  
0 1 
L 1 

KILOMETERS 
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These lines were 3,0, 2.75, 3.0, 3.0, and 1.5 km long, respectively. On all 
lines the dipole length was 250 m, and data were taken at frequencies of 7.5, 
27, 75, 450, and 14 000 Hz. On all lines electrode positions are given in 
terms of distance from the initial starting position on the end of each line. 

An AMT sounding was made on one 250-m dipole of each traverse. 
Table IV.l gives the dipole on which these measurements were performed. 
Figures IV.4 through lV. 11 show the sounding data, The soundings show 
that, in general, resistivities range between 100 and 10 ohm-m in the 
Chupadero crater area, which is consistent with vertical electrical soundings 
(VES) performed by INDE in the area. From Eq. (2), the  maximum 
exploration depth range at 7.5 Hz for a 10 and 100 ohm-m earth is 400 and 
1200 m, respectively. 

These soundings yield resistivity data on each of the telluric lines so 
that, for all subparallel lines, contour maps of the data may be made (see 
Slankis et al., 1972). A series of continuous profiles employing a plane-wave 
energy source provides much more detail about vertical structures in 
complex areas than a similar number of DC electrical soundings. 

Figures IV. 12 through IV. 19 present telluric data for the eight lines as 
plots of relative voltage versus dipole position. Because the measured voltage 
represents the integral of the natural electric field strength over the dipole 
length, the value is plotted a the midpoint between electrode positions. 
Curves for each frequency are offset an arbitrary amount, generally two 
times, so as to avoid overlapping of curves, The highest frequency, 14 000 
Hz (curve 5). is uppermost and the lowest frequency, 7.5 Hz (curve l), is at 
the bottom. Thus the top curve shows shallow features, roughly 10- to 30-m 
maximum depth, and each lower curve represents an increasing depth of 
exploration. This nesting of curves thus shows variations of electrical 
properties both laterally and with depth. 

I 

Figures IV.20 through IV.27 show plots of the SP on each line. 

TABLE IV, 1. DIPOLE LOCATIONS OF AMT SOUNDINGS 

Line No. 

1 
2 
3 
4 
5 
6 
7 
8 

Dipole (m) 

4750-4775 m 
500-750 m 

0-250 m 
250-500 m 
0-250 m 
0-250 m 
0-250 m 
0-250 m 
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Fig. lV.7. AMT sounciiug on -1e 250-500 m of kpaca line 4. Data point shown by a 0, and I shows the error bars. 
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Fig. IV. 14. Multifiequency telluric data for Chupadem line 3. For 7.5 Hz the ordcinate shows the ratio of the telluric voltage at 
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Fig. IV. 17. Mult ihxpency telluric data for Chupadem line 6. For 7.5 Hz the ordinate shows the ratio ofthe telluric voltage at 
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Fig. IV. 18. Mdtihquency tellurfc data for Chupadero line 7. For 7.5 Hz the ordinate shows the ratio of the tezluric voltage at 
any dipole. to the voltage on the initial dipole (0-250 m). Because only changes in voltage are important geologicdy, the 
higher fi-equency curves have been shifted vertically for ease of viewing. 
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Fig. lV.20. Self potential data for Chupadero line 1. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 

Fig. IV.2 1. Self potential data for Chupadero line 2. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 
profile. 
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Fig. N.22. Self potential data for Chupadero line 3. The solid curve shows data for two back 
pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric proflle. 

Fig. N.23. Self potential data for Chupadero line 4. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 
proflle 
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Fig. IV.24. Self potential data for Chupadero line 5. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 
proflle. 
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Fig. lV.25. Self potential data for Chupadero line 6. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 
proflle. 
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Fig. N.26. Selfpotential data for Chupadero line 7. The solid curve shows data for the two 
back pair of electrodes, and the dashed line for the forward pair of electrodes of the telluric 
proflle. 

Fig. IV.27. Self potential data for Chupadero line 8. The solid curve shows data for the two 
back pair of electrodes, and the dashed line. for the forward pair of electrodes of the telluric 
profile. 
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D. DISCUSSION OF DATA 

Telluric lines 1, 2, and 3 (Figs, IV.12, IV.13, and IV,14), oriented in an 
EW direction, were run to try to identify any NS-trending structures which 
may be related to normal faulting that defines the Tecuamburro graben, No 
clear evidence for a NS-trending feature can be seen in the data of lines 1 
through 3, Obvious interference from power lines can be seen on line 1, at 
dipoles 252 .75  km and 4.5-4.75 km and on line 2 at dipoles 1.75-2.25 km, 
particularly on the 75-Hz traverse data, Line 3 is free of this problem. 

Examination of the high-frequency, 14 000-Hz data shows good 
correlation with the mapped surflcial geology (W. A. Duffleld, US, Geological 
Survey, personal communication 1989). On line 1, a high-resistivity zone is 
seen between 2.25 and 3.0 km that corresponds with the position of the 
phreatic tuff ring from Ixpaco Crater. k o m  3.0 to 4.4 km, a younger debris 
avalanche flow of basaltic andesite is crossed showing much lower resistivity. 
The contact of this flow with an older andesitic pumice occurs at 4.4 km and 
appears to be marked by a small resistivity low on dipole 4.25-4.50 km, 
However, this low persists on the lower-frequency data indicating that this 
electrical feature extends to depth. This may be an expression of the ring 
fracture of the Chupadero crater. The western margin of the Chupadero 
crater on line 4 is crossed near position 0.25 km. To the west are andesites 
from the Miraflores sratovolcano, whereas Quaternary alluvium is present 
east of 0.25 km to the contact with the phreatic tuff ring from Ixpaco. No 
sharp electrical boundary is apparent where the line crosses the western 
boundary of the Chupadero crater, although the data show an increase in 
resistivity as might be expected over the older Miraflores volcanics, A 
resistivity minimum at dipole 0.50-0.75 km on the lower-frequency data 
could be an expression of increased fracturing along the ring fracture of the 
Chupadero crater at depth. The offset of the resistivity minimum from the 
mapped surface expression may be due to the dip of the ring fracture. In all 
cases where the ring fracture was crossed or approached, the inferred 
electrical expression is offset about 250 m inside the mapped location. This 
is also true for the INDE VES data northeast of Ixpaco Lake where there was 
sufficient detail to define the resistivity transition across the crater rim (see 
the VES map, Fig. rV.28). 

Line 2 is on alluvium within the Chupadero crater, except on each end. 
The crater rim on the western end is mapped at 0.25 km, and the electrical 
expression is inferred to be represented by the abrupt change in resistivity at 
0 5  km for the 7542  data and the subtle low on dipole 0.50-0.75 km at 7.5 
and 27 Hz. The lowest resistivity zone, near position 1.25 km, correlates 
with a zone of fumaroles west of Ixpaco. 

Line 3 is on Miraflores volcanics from 0 to 1.2 km, then on alluvium to 
1.8 km, and the remainder on a debris avalanche flow of basaltic andesite. 
The 14-kHz data appear to define these three lithologic units. The line does 
not cross any known margin of the Chupadero crater. Data at 75 Hz and 
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lower show a distinct electrical boundary at 0.5 km with resistive units to the 
west, The Chupadero crater boundary is mapped 600 m west of the start of 
line 3, so this is not an expression of the mapped ring fracture. 

The Cuilapa geologic map (plate 1, in pocket) shows the appropriate 
location of two NS-trending faults that cross lines 1 and 3. One of these, just 
west of the Chupadero crater margin, crosses line 1 on dipole 0-0.75 km and 
is not evident in the data. The other fault runs through Ixpaco Lake crossing 
line 1 at 3.0 km and line 2 at 2.0 km. This fault also, if present, has no clear 
expression in the electrical data. 

Traverse lines 4-8 were run in a NE-SW direction to  identify NW- 
trending structural features within the crater, This is a prominent structural 
trend northeast of the Chupadero crater, and covered structures with this 
orientation within the crater could be significant in localizing the existing 
hydrothermal system. Lines 4-7 (Figs. IV. 15-IV. 18) are within the crater. On 
each of these lines, a resistivity low is seen in the northern part of the crater 
that defines a WNW trend running through Ixpaco Lake and fumarolic vents 
each and west of the lake. This low is fairly broad on lines 4 and 5 centered 
on dipoles 2.0-2.25 and 1.75-2.0 km, respectively. On line 4, this low 
correlates directly with the location of known fumaroles. On lines 6 and 7, 
the lows are not quite as prominent but occur on dipoles 2.75-2.5 and 1.75- 
2.0 km, respectively. The low on line 6 also correlates directly with known 
fumaroles a few hundred meters east of the line. We infer that this electrical 
low seen on the four lines within the Chupadero crater is an expression of a 
major fracture of fault zone controlling the upward movement of fluids and 
gasses within the crater. Line 8 outside the crater shows relatively little 
change in resistivity at the lower frequencies, The lowest values, however, 
are on the southwestern end of the line where the line enters an area of 
altered rock (Cuilapa geologic map, in pocket). The electrical data are 
consistent with the presence of altered rock on the southwest end. 
Unfortunately, the line is not long enough to provide much evidence for 
extension of the WNW trend, seen within the crater, to line 8. 

Line 4 is entirely within the Chupadero crater. A power line was 
crossed on dipoles 0.75-1.0 and 252 .75  km. Noise from this source creates 
the peaks seen on 75- and 450-Hz data on each of the dipoles. The crater 
rim is mapped 250 m off the southwestern end of the line. Miraflores 
volcanics are present on the first 500 m and alluvium along the rest of the 
line, 

Line 5 is quite similar to line 4 in general appearance, with the northern 
half of the crater defined by a broad low-resistivity zone at depth. The first 
dipole on the line exhibits a pronounced resistivity low that may be a n  
expression of the crater ring fracture mapped 100 m south of the line. An 
abrupt rise in resistivity on the northern end is inferred to mark the crossing 
of the ring fracture into more competent rock. The boundary, however, is 
mapped at approximately 3.0 km on the line. 
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Line 6 shows a much broader zone of high resistivities at depth, with 
the lowest resistivities near the northern margin of the crater. The low on 
dipole 2.25-2.50 km, referred to previously, is believed to mark the trace of a 
prominent low-resistivity zone trending WNW across the crater. THe low on 
the last dipole (2.75-3.0 km) is inferred to be an expression of the ring 
fracture zone at depth. VES data provided by INDE show that resistivities 
rise abruptly 250 m north of the end of this line in support of this inference. 
Minor power line interference is present on dipoles 0.75-1.0 and 2.75-2.50 
km, but it is evident only on the 75-332 data. 

Line 7 was intended to provide added definitions of the low-resistivity 
zone within the crater as well as provide a signature for the ring fracture and 
a major WNW-trending fault: outside of the crater. Dipole 0.25-0.50 km 
crosses normal to the trace of a WNW-trending fault. The low-resistivity zone 
on this dipole is inferred to be an expression of increased fracturing 
associated with the fault zone. The Chupadero ring fracture is also inferred 
to be positioned on dipole 0.751.0 km. The minimum on dipole 1.75-2.0 km 
identifies the axis of the WNW-trending conductive zone in the northern part 
of the Chupadero crater. 

Line 8 is entirely outside the Chupadero crater on andesitic lava flows 
(Chap. I). The lower-frequency data show that lowest resistivities are on the 
southwest end of the line at the two dipoles. The Cuilapa geological map 
shows these two dipoles to be in an area of hydrothermal alteration, which 
could be responsible for the lower resistivities. The electrical data are 
insufficient to determine of the low-resistivity zone on line 8 is related to an 
extension of the WNW-trending resistivity low seen within the Chupadero 
crater. However, note that the altered area encountered on line 8 is mapped 
in an L-shape with arms oriented northeast and northwest. 

A resistivity map (Fig. IV.29) is derived from the AMT soundings on each 
of lines 4, 5, 6, 7, and 8, by computing resistivities along the traverses. The 
ring fracture of the Chupadero crater is also shown for reference. A low- 
resistivity zone is clearly shown within the northern part of the crater with 
values of resistivity e10 ohm-m, This resistivity map shows a strong NE- 
oriented low-resistivity trend defined along traverse 4 and a definite WNW- 
low-resistivity trend crossing the Ixpaco phreatic crater. The prominent 
northeast trend suggests that traverse 4 may have been made subparallel 
and close to faulting within the crater. Faulting of this orientation in the 
vicinity has not been mapped, although faulting of this orientation is 
prominent 10 km east of Ixpaco, 

Examination of the cross lines 1, 2, and 3 shows no strong consistent 
feature crossing the lines where intersected by traverse 4, but it does show 
some evidence of electrical changes near their intersections with traverse 4. 
On line 3, a distinct transition from resistive to conductive rock occurs 250 
m west of line 4. Where line 4 crosses line 1, a region of uniformly 
conductive rock to the west changes on going east to a region of gradually 
increasing resistivity. On line 2, line 4 crosses at the region of lowest 
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Fig. N.29. Apparent resistivity map at 7.5 Hz derived from telluric data on lines 4, 5. 6, 
and 8 in the Chupadero Crater area. Resistivity values were obtained by using the AMT 
apparent resistivity a t  7 . 5  Hz for each of the soundings on the lines and calculating 
resistivities along each line as explained in the text. Black triangles show the center location 
of three INDE VES soundings made near traverse 4. 

resistivity in an area of fumaroles west of Ixpaco. Additional data in this area 
would be desirable to confirm a NE-trending fault or fracture system. 

Some additional evidence exists in the INDE VES data in the Chupadero 
area. A map of apparent resistivity in the Chupadero area (Fig. IV.28) is 
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derived from the INDE VES data for a one-half current electrode distance of 
500 m. This map shows a WNW-trending resistivity low corresponding well 
with a similar low defined by the telluric data. Three VES soundings were 
made close to traverse 4, ’l”Wo are on the southwestern part of traverse 4 
very close to the line and expanded along the direction of the line, These two 
data points also show evidence for a NE-trending low-resistivity zone along 
traverse 4. The third sounding (number 30) near traverse 4 is located 0.75 
km northwest of Ixpaco and was expanded in a northwest direction 
approximately normal to the traverse and subparallel to the inferred WNW 
fault through Ixpaco. 

The SP data are particularly noisy on lines 3, 4, and 5 ,  whereas the 
separate curves show fair agreement on the other lines. However, there is no 
evident correlation with known or inferred thermal or structural features. 
Geologic noise contributed by near-surface and topographic effects and 
electrode drift appear to be masking any signal, if present, related to the 
thermal features. 

E. SUMMARY 

The telluric measurements within Chupadero crater defined a WNW- 
trending conductive trend within the northern part of the crater, which is 
fnferred to be related to fracturing and alteration along a WNW fault zone 
that is controlling the location of fumaroles within the crater. A second NE- 
trending zone of high conductivity is defined along traverse 4 that may relate 
to faulting adjacent to the line. However, no consistent evidence for such 
faulting is seen on three lines that cross traverse 4, suggesting that if faulting 
is present it has not been a major conduit for geothermal fluids in the upper 
part sampled by the electrical data, 

The margins of the Chupadero crater as mapped are consistent with the 
electrical geophysical data. The deep-looking electrical data define the 
margin inside the mapped margin approximately 250 m, consistent with an 
inward dip of the ring fracture. 
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APPENDIX A 

GEOLOGIC CROSS-SECTIONS 

(for cross-section lines, see Plate 1 in pocket) 
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NPENDUI: B 

PETRQGWHIC ANALYSES 





Lower most massive unit of Ixpaco tuff ring: white, silicifled breccia. 
The rock consists of 10- to 1000-pm-long, angular clasts of 

hydrothermally altered pumice(?), shards(?), and feldspar clasts. There 
are also traces of angular quartz grains in the deposit. Clasts are 
altered to pale brown clay and silica phases. Some clasts could be 
interpreted as altered fragments of porphyritic lava. 
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Poorly bedded silicified clastic material in beds 4 cm to 1 m thick. 
Alternating pink and white layers. 

This rock has only the vaguest relict outlines of individual clasts: 
appears to have been a tuff, containing pumice with phenocrysts and 
rare lithic clasts. It  is so silicified that little more can be said. 
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Sample over the soil sample collected for C 14 dating. Colored, 
bedded clastic unit. 

Only relict textures remain the 0.1- to 1-mm-diameter clasts. Most 
appear to have been porphyritic lavas, but some resemble pumices 
(-35-50% vesicularity), with small ( ~ 1 0 0 - p  long), ovoid vesicles. 
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The rock consists of mostly angular broken phenocrysts of 
plagioclase and K-feldspar, and lesser biotite and Fe-TI oxide. Larger 
phenocrysts (>2 mm) are fractured: smaller clasts appear to be "rock 
flour," 

tuff looks like? There are no remnant shards or pumices if this is the 
case. 

In the field, this looks like a nonwelded tuff. Is this what a sheared 



Nonwelded, medium- to fine rhyolitic ash (check composition later). 
Consists of: (1) Colorless shards: mostly derived from pumice with 
narrow, elongate vesicles; final products are -50- to 500-pm-long 
needle-like and tubular pyroclasts, (2) 1 -mm-diameter rounded pumice 
clasts: 30 to 70% vesicularlty; mixture of elongate (1 5 x 200 pm) and 
ovoid (100-150 pm) vesicles, (3) 100- to 300-pm-long phenocrysts of 
biotite, plagioclase, sanidlne, hornblende, and Fe-Ti oxides. Most are 
broken, anhedral, with some adhering glass. (4) Rounded lithic clasts, 
consisting of andesitic lavas; altered to varying extent. 
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Fine-grained ash, with est. med. grain size of 70 pm. Mostly angular 
shards derived from a highly inflated pumiceous melt, with thin bubble 
walls. Most shards are thin, curved needles or "Y shapes. Some 
pumice remnants have deformed ovoid (almost polygonal) vesicles, 100- 
to 150-pm-long; bubble walls are <5-pn thick. There are rare small 
pumice clasts with smaller, more densely packed vesicles. 

biotite. 
Phenocrysts are angular, small clasts of plagioclase, sanidine, and 

XRD analyses 
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The pumice contains - 1% phenocrysts, including plagioclase (up to 

Vesicles are radial around phenocrysts, form coalesced voids up to 1- 

2.5-mm long), biotite (up to 1 mm), and hypersthene (to 400 pm). 
Vesicularity is -40%. 

mm long, but consist mostly of elongate, 10- to 100-p-long ovoid 
shapes: the latter "groundmass" vesicles make up the visible flow 
structure, around coalesced vesicles and phenocrysts. 

XRD analyses 
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Colorless glass. Vesicularity of 40%, mostly highly elongate pipe 
vesicles, with the exception of bundles of large coalesced vesicles. 

Phenocrysts are all subhedral to anhedral fragments and include 
biotite (400- to 1500-pm long), plagioclase (-600 pm), and hornblende 
(400- to 600-pm long). 
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(1) 0.5- to 1.5-mm-long, slightly elongate, subrounded pumice 
pyroclasts, Mostly with highly elongate parallel vesicles and 50-60% 
vesicularity. 

(2) 50- to 200-pm-long colorless shards, mostly derived from 
pumiceous magma with larger vesicles and thicker vesicle walls than 
the pumices described above (could be the part of the melt with 
coalesced vesicles). 

zoning), aegerlne-augite, biotite. 

rounded andesitic lava and siltstone clasts. 

(3) Phenocrysts consist of mostly 0.2- to 1-mm-long plagioclase (osc. 

(4) Rounded basalt lithic clasts, weathered to varying extent. Rare 

XRD analyses 
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Highly vesicular pumice clasts, up to 1-cm long, are in a matrix of 
med, to coarse vitric ash. 

(1) Pumices-colorless glass: rare phenocrysts and 60-70% 
vesicularity. Elongate vesicles and large, ovoid groups of coalesced 
vesicles. 

(2) Shards. Mostly Y- or fork-shaped shards, derived from a highly 
vesicular pumice with large ovoid vesicles. Most are in the range of 
100- to 300-pm long. 
(3) Phenocrysts include plagioclase, K-feldspar, hypersthene, and 

biotite. 
(4) Lithic clasts are hydrothermally altered andesitic (3) lavas, 

XRD analyses 
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Moderately well-sorted vitric ash consisting of: 
(1) Colorless shards; 100- to 300-p-long, bubble walls derived from 

a pumiceous melt with elongate vesicles and 20- to 80-pm-thick vesicle 
waus. 

(2) Pumice; 200- to 900-pm-long, subequant, rounded: 50- to 70% 
vesicularity. 

(3) Phenocrysts of hornblende, aegerine-augite, K-feldspar, and 
plagioclase. 
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Phenocrysts. Plagioclase; up to 2 mm; complexly zoned: ext angles 

Hornblende; 1.5- to 2-mm long: mostly replaced by Fe-Ti oxides. 
Fe-TI oxides and mostly less than 50 pm and occur In rnaflc clots. 
Groundmass. Hyalopllltic; glass is partly devitrified. 

loo, 1 4 O ,  2 2 O ,  13O, 3 5 O ,  33O, 2 8 O :  andesine-labradorite. 

XRD analyses 
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Mostly plagioclase phenocrysts (up to 1 mm) in a hyalopilitic 
groundmass. There are a few glomerocrysts of hornblende-plagioclase- 
orthopyroxene. Mesostasis consists of plagioclase microlites and Fe-TI 
oxides in glass. 

glass inclusions. Some zoned cores now altered to clay. Hypersthenes 
up to 2.0 mm. Oxyhornblende, 0.5 to 1.2 mm. Fe-TI orddes 100- to 
300-pm long. Some rutile in plagioclase grains. 

Plagioclase phenocrysts--zoned; 2 3 O ,  20°, 18-33O. An40-An60. Some 
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Lithic clasts are all biotite-orthopyroxene andesite, consisting of: (1) 
5 0 - p -  to 1-mm-long plagioclase, with strong oscillatory zoning (18", 
15", 21°, 21"; -An40); also contain apatites; (2) hypersthene; (3) quartz: 
(4) zircon, with strong p. haloes: (5) augite: (6) Fe-Ti oxides: (7) 
oxyhornblende; and (8) biotite(?). 

Shards are less than 50-pm long, but there are rare pumices. Most 
glass appears to be broken from lava groundmass. 

Crystals range from 50- to 500-pm long. 
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Phenocrysts, Plagioclase: oligoclase-andesine(?), mostly 1 -mm long. 
Many are fractured and appear to be resorbed in the more calcic cores. 
Hypersthene; 0.2-1.5 mm: the larger (2 mm) phenocrysts are strongly 
altered, having reacted with the groundmass. Hornblende: mostly 
altered to Fe-Tl oxides and are small (20 to 50 pm). Clinopyroxene; rims 
are altered: most are in 2-mm-dim. glomeroporphyritic clots with plag, 
and opx. 

Groundmass. Is vesicular, glassy. Vesicles are irregular, oval, with 
some crystals intruding (diktytaxitic texture), 
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Porphyritic basalt, consisting of 50-pm- to 2-mm-long phenocrysts of 
subhedral plagioclase and clinopyroxene in a diktytaxitic groundmass of 
feldspar, Fe-Ti oxides, and cpx. Some chloritic alteration of the 
groundmass. 

Plagioclase phenocrysts--400-pm- to 2-mm-l0ng, complexly zoned, 
The cores of larger phenocrysts have sieve textures and are often altered 
to chlorite and silica phases. Cpx phenocrysts--pigeonite and aegerine- 
augite, 400 to 600 pm; usually as G-P clots or as gabbroic inclusions. 
Some resorbed and altered olivines. 

matrix altered to chlorite. Some thin qtz. veins. 
Quartzose sandstone inclusions; quartz with reaction rims and clay 

arkose=0.6: veins=l.3: chl=4.6 
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100- to 600-pm-long phenocrysts of olivine and plagioclase in a 
trachytic groundmass composed of mostly feldspar laths, 40 to 60 pn, 
stubby cpx(?), and granular Fe-73 oxides. In reflected light, the texture 
appears to be diktytaxitic, 

There are glomeroporphyritic clots of olivine and plagioclase, up to 2 
mm in d im.  

There is some alteration of Fe-Ti oxides to hematite and rimming of 
olivine with iddingsite. 
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Too altered for modal analysis 
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Porphyritic andesite, similar in many respects to 7-8-88-4. However, 
this is only a relict texture. The rock has been replaced entirely by 
silica phases in this zone of' acid alteration. 
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Porphyritic, with abundant phenocrysts as single crystals and 
glomeroporphyritlc clots; these include: 

(1) 100-pm to 1.5-mm-long, euhedral and subhedral plagioclase, with 
oscillatory zoning: (2) 0.2- to 1.5-~nm-dim. hypersthene: (3) 50- to 250- 
pm-dim, Fe-Ti oxides: and (4) 100- to 300-pm-dim. rounded 
subhedral olivines: most are slightly altered to iddingsite. 

The groundmass contains irregular, elongate, 200-pm- to 1.5-mm- 
long vesicles. The groundmass consists mostly of less than 40-pm-long 
plagioclase, lesser opx (less than 30 pm), and small Fe-Ti oxides (less 
than 10 pm). I t  is all crystalline. 
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Porphyritic. Mostly subhedral, zoned plagioclase (considerable sieve 
textures), 400-pm to 2.5-mm long. Lesser (1) 400-pm- to 3-mm-long 
hypersthene, mostly in glorneroporphyritic clots: (2) subhedral, 200-pm 
to l-mm olivine: (3) augite (>3 mm); and (4) Fe-Ti oxides. 

Groundmass, Similar to other Tec, lavas - less than 100 pm plag, 
opx, and Fe-'N oxides. 

Vesicles. 500-pm- to 3-mm-long, irregular vesicles. 
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Porphyritic: mostly 200-pm- to 2-mm-long zoned euhedral to 
subhedral plagioclase: some parallel growth, with extensions out from 
ends of crystals, Lesser volumes of (1) 200-pm- to 1 -mm-long 
hypersthene: (2) a few large (up to 3 mm) augites: (4) Fe-TI oxides (100- 
to 250-pm diameters): and (5) 100- to 300-pm-diam., subhedral 
olivines. 

Groundmass. Mostly sub- 100-pm feldspar laths: lesser 
orthopyroxene and Fe-TI oxtdes. 
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Porphyritic lava, with mostly subhedral to euhedral, 250-pm- to 2- 
mm-long plagioclase: each with osc. zoning, and parallel growths 
extending out from the ends of each phenocryst. Lesser hypersthene 
(250-pm to 2.2-mm long, subhedral: zoned, wlth inclusions of Fe-Ti 

1 oxides and feldspar), some olivine (with reaction rims) and Fe-Ti oxides 
i (100- to 600-pm diameter, rounded). 

Groundmass consists of -90% sub- 100-pm-long feldspar laths, 5% 1 sub-60-pm orthopyroxene, and 5% less than 20-pm-dim. Fe-Ti oxides, 



Sample from blocks at surface (in place?) between Mina Azufre and 
El Silencio. 

-50% phenocrysts of plagioclase (100-pm to 2-mm long), 
orthopyroxene (20-pm to 1.5-mm long) In a fhely crystalline (almost 
equigranular) groundmass. Most of the larger zoned plagioclase 
phenocrysts have altered (sieve texture) cores and most of the pyroxenes 
are altered to some extent, from rims of Fe-Ti oxide to completely 
oxidized to deep red-brown. 

No apparent flow structure 



Porphyritic, with -30% phenocrysts, including plagioclase (400-pm 
to 3-mm long: oscillatory zoning) and rare opx. Well developed flow 
foliation, with oriented feldspar microlites. Some degree of alteration, 
particularly of microlites and cores of zoned feldspars. 



4 m+ of pyroxene pumice fallout. Massive: pumice lapilli in a coarse 
ash matrix, Maximum pumice=lO cm. 

Porphyritic pumice, containing -1 1% phenocrysts of anhedral 
plagioclase (100 pm to 1 mm), 100- to 200-pm-long orthopyroxenes, and 
Fe-Ti oxides. 

Vesicularity, using Vista is 69%, 62%, and 62% (higher than in the 
pyroclastic flows). Vesicles are ovoid, ranging in length from 10 to 200 
Fm. Vesicles are radial from phenocryst surfaces. 

XRD analyses 
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-20% phenocrysts in the pumice. The pumice has -40% vesicles: 
vesicles are spherical to ovoid and range in size from 5- to 75-pm long. 

Phenocrysts: Plag > Opx > Fe-Ti oxides. 
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Pumice contains -15% phenocrysts of plag > Opx > Fe-Ti oxides. 
-60% vesicles; spherical to ovoid and ranging in size from 10 to 400 pm. 
Considerable radial vesicle growth around phenocryst surfaces. 
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FYom quarry east of Chiquimulilla. Deposit contains less than 1% 

- 1% broken phenocrysts: mostly plagioclase with oscillatory zoning, 

Vesicularity measured with Vista = 44%, 44,5%, 47.4%. Ave.=45.3%. 

lithic clasts: andesitic lava. 

and orthopyroxene and Fe-Ti oxides. 

Nearly all phenocrysts are surrounded by radial vesicles. Vesicle sizes 
range from 10 to 100 pm; mostly ovoid. 

XRD analyses 
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Pumice contains -21% phenocrysts of plag > Cpx > Opx > Fe-Ti 
oxtdes. 

46% vesicles; spherical to ovoid and ranging in size from 10 to 400 
pm. Considerable radial vesicle growth around phenocryst surfaces. 

XRD analyses 
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16% phenocrysts in the pumice. The pumice has 38% vesicles; 
vesicles are spherical to ovoid and range in size from 5- to 75-pm long. 

Phenocrysts: Plag > Opx > Cpx > Fe-’Ti oxides, 

XRD analyses 
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Coarse crystal tuff, consisting of: 
(1) 100-pm- to 1.2-mm-long angular, broken plagioclase crystals: 

most exhibit osc. zoning. (2) 0.1 - 0.5-mm-long hypersthene: anhedral. 
(3) 0.5-mm-long aegerine-augite; anhedral. (4) Lithic clast-andesite 
groundmass: hydrothermally altered. (5) Lithic clast-metasandstone- 
arkose. (6) 1 to 2-mm-diam., equant pumice-colorless glass: 10- to 50- 
um-dim., equant vesicles. Vesicularity -50%; plagioclase phenocrysts. 
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Porphyritic pumice with colorless glass. Phenocrysts include: (1) 
240-pm to 1.2-mm-long plagioclase, osc, zoning, mostly euhedral. (2) 
50- to 400-ym-long hypersthene, euhedral to subhedral, (3) Rounded, 
200-pm-dim, Fe-TI oxides. (4) Some subhedral K-feldspars?? 

are bent around phenocrysts. Good radial growth of vesicles from 
phenocryst surfaces, with some deformation by later flow. 

Vesicles are mostly ovoid to elongate, and 10- to 100-pm long. Most 
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Coarse lithic ash, with a finer component that appears to be mostly 
alteration products or infiltrated silt. The ash consists of: (1) glassy 
pumice, with 5- to 20-pm ovoid vesicles. Mostly glass, with rare, small 
plagioclase. (2) Plagioclase phenocrysts and g-p clots: zoned, 250-pm to 
2-mm long. (3) 0.5- to 1-mm-long anhedral augite. (4) 0.5 to 0.6-mm- 
long anhedral hypersthene. (5) 0.5- to 1-mm dim. ,  equant, rounded 
andesitic lava: mostly groundmass, but some porphyritic lava. (6) 
Rounded metasandstone clast. (7) 0.6-mm-diam, Fe-TI oxide. Most of 
the pyroclasts are rounded and show varying degrees of alteration. 
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Coarser clasts (A500 pm) include (1) well-rounded to rounded 
basaltic andesite (main phenocryst is hypersthene, with lesser 
plagioclase), with a finely crystalline, hyalocrystalline groundmass. (2) 
Rounded andesite, with osc. zoned plagioclase as main pheno, in a mod. 
crystalline groundmass. (3) Orthopyroxenes, 

The coarser clasts serve as nuclei for 1- to 3-mm dim.,  poorly 
developed accretionary lapilli. The matrix consists of fine-grained, 
angular plagioclase, opx, Fe-Ti oxides, small lithic clasts stained with 
hematite, in a pale brown (smectitic?). 

XRD analvses 
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Block from block-bearing tuff(?); clastic rock anyway. Only relict 
texture left. A porphyritic andesite lava with -40% phenocrysts of osc. 
zoned plagioclase and orthopyroxene (some of the pyroxenes are partly 
preserved). Finely crystalline equigranular groundmass. Replaced by 
authigenic silica(?), clays and hematite, 
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Porphyritic, with phenocrysts of plagioclase (euhedral to subhedral, 
from 250-pm to 2.5-mm long, with oscill. zoning), hypersthene (80 pm 
to over 2-mm long, euhedral to subhedral), and Fe-Ti oxides (20- to 250- 
pm diameters) I 

The largest phenocrysts are in glomeroporphyritic clots. 
Groundmass. Mostly 10- to 50-pm-long feldspars, but are some 10- 

There are rare, less than 1-mm-long, irregular vesicles. 
pm stubby pyroxenes and Fe-Ti oxides. 
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Porphyritic, with many of the phenocrysts present as mono- 
minerallic glomerocrysts. 

Phenocrysts include: plagioclase (400-pm to 1.5-mm long, mostly 
euhedral, and with subtle osc. zoning), hypersthene (150-300 pm, 
subhedral, slightly rounded), Fe-Ti oxide (1 00- to 250-pm diameter) 

flow texture in the groundmass. 5- to 10-pm-dim. Fe-Ti oxides 
scattered throughout. Some irregular, 0.5- to 1 -mm-long vesicles. 

Groundmass. Mostly 10- to 25-pn-long feldspars. Well-developed 

XRD analyses 
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Porphyritic andesite: mostly groundmass. 
Phenocrysts of: (1) Plagioclase, 200- to 1.8-mm long, euhedral to 

subhedral, with strong oscillatory zoning. (2) Hypersthene, 100-pm to 
1,5-mm long, euhedral to subhedral crystals. (3) 200- to 400-pm-dim. 
Fe-TI oxides. (4) K-feldspar laths, mostly less than 1 mm. (5) 
Subhedral cpx (pigeonite?), 0.5- to 2-rnm diameter. Some 
glomeroporphyritic clots of all of the phases listed above. 

long feldspars. Traces of IFe-TI oxlde and pyroxene. 
Groundmass. Felty flow texture, consisting mostly of 10- to 50-pm- 
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Equivalent to the Cerro la Gabia andesite of Reynolds. 
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Porphyritic, with phenocrysts of: 
( 1) Plagioclase; 200-pm to 3-mm long, subhedral, oscillatory-zoned 

(2) Pigeonite: 100- to 750-pm long, zoned crystals. 
(3) 20- to 100-pm-dim. Fe-Tl oxides. 
(4) Unidentified pyx-like phase, altered to clay. Also present as 

Groundmass consists of 5- to 25-pm-diam., stubby clinopyroxene 

crystals. Zoning poorly developed. 

glomeroporphyritic clots. 

and plagioclase (traces of Fe-Ti oxides), 



Porphyritic with a trachytic groundmass. Good flow texture with 
oriented plagioclase phenocrysts and parallel orientation of groundmass 

Phenocrysts: 80-pm to 1.5-mm-long subhedral to euhedral 
plagioclase with oscillatory zoning. 40-pm to 1-mm d i m ,  olivines with 
thin altered rims. 50- to 200-pm d i m .  Fe-TI oxides. 

Groundmass: 70% 10- to 60-pm-long plagioclase, 25% 5- to 50-pm- 
long clinopyroxene(?), and 5% 10- to 50-pm-dim. Fe-Ti oxides. 

crystals. 
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Porphyritic, mostly phenocrysts and little groundmass. 
Phenocrysts of: 
(1) Plagioclase: subhedral, 200-pm- to 1.5-mm-long crystals with 

(2) Hypersthene: rounded, 200-pm- to 2-mm-long crystals. Some are 

(3) 50- to ItjO-pm-dian~ Fe-TI oxides. 
Glomeroporphyritic clats are common. 
Groundmass; stubby, 20- to 100-pm-long plagioclase, clinopyroxene, 

very pronounced oscillatory zoning. 

altered to a dark orange-brown mineral (iddingsite). 

and Fe-"i oxides. 
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A crystal welded tuff, consisting of: 
( 1) 400-pm- to 3-mm-long zoned plagioclase phenocrysts. 
(2) Oxidized 200-pm to 3-mm-long hornblende phenocrysts. 
(3) 200- to 1000-p-long orthopyroxene. 
(4) 100- to 400-pm Fe-Ti oxides. 

In a brown glass matrix (densely welded) with scattered small 
spherulites. 

(5) 200- to 400-pm-long K-feldspar. 
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Porphyritic andesite lava. -30% phenocrysts of plagioclase (0.5- to 
2.5-mm long, irregular forms), rare orthopyroxene (except in 
glomerocrysts) and large glomerocrysts of coarsely crystalline 
plagioclase, orthopyroxene, and Fe-Ti oxides. These are set in a felty or 
trachytic groundmass with well-developed flow foliation. 
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Ixuatan cinder cone on summit of ridge, exposed in a cinder quarry. 
Similar to 3- 1-89- 1, only in a scoria with tachylitic groundmass. 

-50% coarse phenocrysts of plagioclase and orthopyroxene, Distinctive 
hopper-shaped plagioclase phenocrysts. 
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Elev, 1060 m, half way between the Llano Grande and the Pan 

-35% plagioclase (and minor orthopyroxene with reaction rims) 
American Highway, Platy gray andesite, exposed in a road cut. 

phenocrysts in a trachytic groundmass with well-developed flow 
foliation. The large tabulax and hopper-shaped plagioclase phenocrysts 
seem t o  be characteristic of the h a t a n  lavas. 



Poor outcrop along road: medium-gray, massive tuff: overlain by 1.5- 
m of soil. 

Weathered lithic(?) tuff, containing relict lava clasts, a welded tuff 
clast, and relict pumice and shards(?). &gular, broken phenocrysts 
include plagioclase, hornblende, and biotite. It seems too old and 
deeply weathered to be part of the Amatitlan tephras.???? 
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Porphyritic-trachytic texture. Phenocrysts of mostly subhedral 
plagioclase (with oscillatory zoning, in 150-pm- to 1 -mm-long crystals) 
with minor subhedral pigeonite (300- to 500-pm long and having 
reaction rims of another pyroxene[?]), There are also scattered 50- to 
200-pm-long Fe-TI oxides. 

The trachytic groundmarss exhibits flow textures and consists of 
about 70% 10- to 60-pm-long plagioclase, 25% 5- to 10-pm-long 
clinopyroxenes, and 5- to 10-bm-dim. Fe-TI oxides. 
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APPENDIX C 

TABULAR DATA FOR THERMAL AND NONTHERMAL WATERS, 
TECUAMBURRO VOLCANO, GUATEMALA 
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TABLE C-1. mELD DATA FOR THEEUAL AND NONTHERMAL WATERS, TECUAMBURRO VOLCANO, GUATEMALA 

k 

Field 
Number 
GT-88-1 
GT-88-2 
GT-88-3 
GT-884 
GT-88-5 
GT88-6 
GT-88-7 
GT-88-8 
GT-88-9 
GT-iB-10 
GT-88-11 
GT-88-12 
GT-88-13 
GT-88-14 
GT-88-15 
GT-88-16 
GT-88-17 
GT-88-18 
GT-88-19 
GT-88-20 
GT-88-21 
GT-88-22 
GT-88-23 
GT-88-24 
GT-88-2!5 
GT-88-26 
GT-88-27 
GT-88-28 
GT-88-29 
GT-88-30 
GT-88-31 
GT-88-32 
GT-88-33 

Date 
03/17/88 
03/17/88 
03/21/88 
07/07/88 
07/07/88 
07/07/88 
07/07/88 
07/07/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/09/88 
07/09/88 
07/09/88 
07/09/88 
07/09/88 
07/09/88 
07/11 /88 
07/11/88 
07/11/88 
07/11/88 
07/11 /88 
07/12/88 
07/12/88 
07/12/88 

LOCatiOIla 
UTM Grid 
Coordinates 

1570-40 778.20 
157195 786.75 
1578.45 796.46 
157035 778.20 
1570.40 77820 
3TO.45 778.05 
1570.20 77820 
1570.10 778.10 
1571.95 786.75 
lam95 786.75 
1571.95 786.75 
1571.95 786.75 
1571.95 786.75 
1571.95 786.75 
157280 786.15 
1570.75 787.38 
1570.80 787.70 
1570.70 787.70 
1573.85 787.60 
1558.65 783.65b 
1565.95 778.90b 
1565.95 778.90b 

1570.40 776.95 
1569.75 780.10 
1580.95 78165 
1580.93 781.75 

1564.65 78O.lOb 

1569.40 782.50 
1570.90 776.85 
1570.90 77685 

1565.90 778.8Ob 

156480 779.85b 

1564.60 78039 

Temp 
("C) 

88.0 
90.0 
37.0 
77.0 
85.0 
71.5 

22.1 
70.0 
@OD 
782 
943 
90.4 
772 
825 
83.7 
34.6 
32.7 
402 
20.0 
96.0 
96.0 
20.0 
32.4 
223 
37.4 
213 
24.1 
58.1 
42.0 
345 
235 
235 

278 

Field 

25  
6.7 
5 3  
25  
25 
3.0 
3.0 
65  
68 
7-c 
65 
68 
68 
68  
65  
6 5  
6.0 
6.0 
65  

(PH) 

- 
- 
- 
55 
22 
6.0 
53 
6.0 
58 
6.0 
6-0 
6.0 
48 
48 

Flow 
Rate 

(I/min) comments 
None 

5 
1 

None 
None 
None 
3000 
152 
2 
10 
2 
5 
1 

2300 
9 
6 
19 
190 
4 
- 
- 
- 
12 
2 
15 
20 
57 
1 

380 
10 
40 
8 

*P 

Site #2 Laguna Ixpaco ( Fig. m3) 
Colmenares hot spring (GT-88-13, Fig. III.4) 
Warm spring 45 km E of Los Esclavos 
Site #10 Laguna Ixpaco Fig. m.3) 
Site #8 Laguna Ixpaco (Fig. m.3) 
Site #15 Laguna Ixpaco (Fig. III.3) 
outflow Laguna Ixpaco 

Cohmhotspr ing  
com&-aTs "mlde!St" §prii*g mg- m.41 

COlmeMres hot spring (Fig- DL41 

colmenares hot spring total outflow mg. m.41 

FincaAgUaTibh 

S o w  S shore Laguna Ixpaco 

Colmenares hot spring (Fig. III.4) 

Colmenares hot spring (GT-88-2, Fig. m.4) 

circa TM-31 hottest s@g 
Hot spring E side a o  Esclavos 

Large spring 150 m E of "34-34 
Warm spring near paved highway 
Rainwater at Chiquimuiilla 
Sulfur mine, Tecuamburro 
Sulfurmine,Tecuambum 
Cold spring at Azufral 

Cold spring below Finca Chupadero 
Warm spring, Fhca Esperanza 
Cold spring, Fin- Esperanza 
Cold spring above TM-12, Emca El Silencio 
Large spring Finca El Silencio 
Warm spring S side of Tecuambufio 
Warm spring at Finca Moreno 
Swamp W side Laguna Ixpaco 
Swamp W side Laguna Ixpaco 

Las Playitas 



TABLE C-1 (cont) 

k 
(0 
0 

Field 
Number Date 

Locationa 
UTM Grid 
coordinates 

GT-88-34 
GT-88-35 

GT-88-37 
GT-88-38 

GT-88-36 

GT-88-39 
GT-8840 
GT-8841 
GT-88-42 
GT-8843 
GT-88-44 
GT-8845 
GT-8846 
GT-8848 
GT-8849 

07/12/88 
07/13/88 
07/13/88 
07/13/88 
07/14/88 
07/14/88 
07/14/88 
07/14/88 
07/ 15/88 
07/16/88 
07/ 16/88 
07/16/88 
07/26/88 
07/16/88 
07/16/88 

1572.98 77530 
1581.40 77620 
1577.79 779.85 
1580.95 779.60 
1572.79 77920 
1573.33 777.91 
1573.40 776.15 
1571.60 775.15 
1577.80 781.15 
1561.44 783.35b 
1567.80 782.75 
1572.60 787.00 
1572.55 786.98 
1577.60 798.29c 
1582.25 780.35 

GT-89-53 
GT-89-54 
GT-89-55 
GT-89-56 
GT-89-57 
GT-89-58 
GT-89-59 
GT-89-60 
GT-89-61 

GT-89-63 
GT-89-62 

GT-89-64 
GT-89-65 
GT-89-66 
GT-89-67 
GT-89-68 
GT-89-69 
GT-89-70 
GT-89-71 

02/21 /89 
02/21/89 
02/21 /89 
02/21/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/23/89 
02/23 /89 
02/24/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 

1570.40 77820 
1570.35 77820 
1570.10 778.10 
1569.75 780.10 
1570.75 787.38 
1570.75 787.39 
1570.49 787.40 
1569.77 786.75 
1569.60 786.70 
1569.50 786.65 
1569.22 786.63 
156829 785.49 
156658 784.98b 
158559 769.25d 
1573.40 776.15 
1572.98 775.30 
1570.90 776.85 
15'70.40 776.95 
1572.60 787.00 

Temp Field 
("C) (pH) 
42.0 48 
23.4 6.0 
222 6.3 
34.8 4.0 
51.6 5.0 
20.4 6.3 
25.3 6.0 
33.8 5.6 
96.6 65  
24.8 62 
24.7 62 
96.2 65  
88.8 6.5 
22.7 65  
22.8 6.3 

- -  

935 3.0 
852 2.8 
20.0 6.5 
222 65  
80.2 6.7 
862 8.0 
85.0 7.5 
36.0 6.0 
535 65 
85.0 75 
85.2 8.0 
25.0 7.5 
20.8 7.0 
32.5 6.0 
22.4 6.0 
40.8 5.0 
255 45 
20.1 3.5 
965 7.0 

Flow 
Rate 
(I/min) comments 

4 
2 
5 
12 
50 
152 
57 
3 

*P 
8 

&P 
20 
90 
10 
2 

None 
None 
228 
57 
30 
11 
4 
19 
<2 
19 
10 
38 
19 
loo0 
57 
8 

None 
None 

15 

Finca San Lorenu, 
Cold spring Finca La Pastoria 
Cold spring Finca L a  Delicias 
Warm spring Finca Bonanza 
Hot spring Finca El Chorro 
Cold spring 
Cold spring Finca San Cayaetano 
Warm spring Finca San Isabel 
Fumarole Infiemitos Fmca Las Delicias 
Cold spring by paved rd 2-3 km N Chiquimulilla 
Cold spring by paved rd 10 Ian N Chiquimfla 
Hot spring Rio Esclavos 
Hot spring 80 m downstream from TM-2 
Cold spring 2-3 km E of Los Esclavos on CA#l 
Cold spring near Finca Bonanza 

N shore kpaco Site #8 (GT-88-5) 
N shore Ixpaco Site #lo (GT-88-4) 
Ixpaco inflow (GT-88-8) 
Cold spring W of Finca Chupadero 
Hot spring E side Go Esclavos (GT-88-16) 
Hot spring Rio Esclavos 50 m upstream of 57 
Hot spring 30 m downstream of TM-8 
Warm spring E bank of g o  E&vm along cliff 
Hot spring 30 m downs- of GT-60 
Hot spring 100 m downstream of GT-61 E of R b  
Across river from TM-9 
Cold spring W side of a o  b s  Esclavos 
Cold spring E wall of canyon of g o  Los Esclavos 
Warm spring at Fin- Santa Marta 
Cold spring Finca San Cayetano (GT-88-40) 
Fin= San Lorenzo (GT-88-34) 
Swamp W of Laguna kpam (GT-88-32) 
Las Playitas (GT-88-24) 
Hot spring Rio Esclavos (GT-88-45) 



TABLE C-1 (contl 

k 

k 
co 

Field 
Number Date 
GT-89-72 02/25/89 
GT-89-73 03/01/89 
GT-89-74 03/01/89 
GT-89-75 03/01 /89 
GT-89-76 03/01 /89 
GT-89-77 03/03/89 
GT-89-78 03/01/89 
GT-89-79 03/01 /89 
GT-89-80 03/01/89 

GT-89-82 03/04/89 
GT-89-81 03/04/89 

GT-89-83 03/04/89 
GT-89-84 03/04/89 
GT-89-85 03/04/89 
GT-89-86 03/04/89 
GT-89-87 03/04/89 
GT-89-88 03/04/89 
GT-89-90 03/06/89 
GT-89-91 03/06/89 
GT-89-92 03/M/89 
GT-89-93 03/06/89 
GT-89-94 03/06/89 
GT-89-95 03/07/89 
GT-89-96 03/07/89 
GT-89-97 03/07/89 
GT-89-98 03/07/89 
GT-89-99 03/07/89 
GT-89-100 03/08/89 
GT-89-101 03/08/89 
GT-89-102 03/08/89 

Locationa 
UTM Grid 
Coordinates 

157255 
1578.45 
1578.45 
1578.45 
1577.60 
1564.65 
1564.80 
1565.90 
1565.90 
1572.79 
1570.40 
1571.95 
1571.95 
1571 -95 
1571.95 
1572.80 
1573.85 
1580.95 
1580.93 
1580.95 
1583.65 
1583.61 
1561 -20 
1561.90 
1561.40 
156120 
1576.99 
1577.79 
157780 
1581.40 

786.98 
796-46 
796.46 
796.46 
7982gC 
78O.lOb 
779.85b 
778.80 
778.80 
77920 
77820 
786.75 
786.75 
786.75 
786.75 
786.15 
787.60 
781 -65 
781 -75 
779.60 
783.73 
783.94 
784.65b 
784.60b 
784.75b 
784.70b 
797.91 
779.85 
781.15 
77620 

Temp Field 
("C) (pH) 
87.4 7.5 
375 6.0 
41.8 6.0 
30.0 6.5 
21.1 6.5 
58.0 5.8 
25.1 5.8 
17.5 5.6 

52.4 4.8 

82-4 7.0 
65.4 6.5 
95.8 7.0 
75.0 7.0 
92-4 6.5 
42.0 6.8 
37.9 5 2  
172 62 
355 3.8 
21.9 6.0 
21.7 5.9 
20.0 - 
285 6.0 
392 6.0 
27.8 6.0 
20.0 - 
20.7 6.8 
97.0 6.5 
23.5 6.0 

- -  

96.0 - 
87.3 - 

a All locations on Cuilapa Sheet unless otherwise noted. 
bChiqUiInUlliaSheet. 

Oratorio Sheet. 
Guanagazapa Sheet. 

Flow 
Rate 

(I/*) 
15 
19 
6 

12 Ooo 
10 
304 
11 
5 

38 
None 
1 
38 
30 

2280 
15 
11 
15 
38 
76 

None 
None 

10 
3 
20 

2 

- 

*P 

- 

comments 

Hot spring 80m downstream from GT-88-46 
Warm spring 4.5 Ian E of LQS Esclavos 
Hottest seep at TM-1 a m i  
g o  Esclavos, above to mineral seeps 

Finca El Silencio (GT-88-29) 
Cold spring above TM-12, Silencio (GT88-28) 
Cold spring at Azufral (GT-88-23) 
Sulfur mine, Tecuamburm (GT-88-21) 
Finca El Chorro (GT-88-38) 
Site #8 Laguna Ixpaco 
Cohenares (GT-88-91 
Cohenares (GT-88-10) 
Cohenares hottest spring (GT-88-12) 
Cohenares outflow (GT-88-14) 
Hot spring (GT-88-15) 

Hot spring Eica Esperanza (GT-88-26) 
Cold spring (GT-88-27) 
Warm spring Finca Bonanza (GT-88-37) 
Cold well, Barbaerena W n g  water 
Cold well in Barbaerena S side of hwy 
Cold seep near GT-8947 
Cold spring north of GT-89-95 
Warm spring SSE side of Tecuamburro Volcano 
Cold spring 100m upstream of GT-88-97 
Rainwater at Los Esclavos village 
Cold spring Finca Las Delicias (GT-88-36) 
Fumarole Infiemitos Finca TAS Ddicias (GT-88-42) 
Cold spring Finca La P&oGa (GT-88-35) 

Cold spring E Of E&VW (GT-88-48] 

Warm spring (GT-88-19] 



TABLE C-2 MAJOR ELEMENT ANALYSES (mg/lng) FOR THERMAL AND NO- WATERS OF TECUAMBURRO VOLCANO. GUATEMALAa 

Sample No. 

GT-88-1 
m a - 2  
GT-88-3 
GTa-4 
GT-88-5 
Gr-88-6 
GT-88-7 
G T a  
GTsB9 
GT*lO 
Gr-88-11 
GT-88-12 
GT-88-13 
GT-88-14 
GT-88-15 
GT-88-16 
GT-88-17 
GT-88-18 
GT-88-19 
GT-88-23 
GT-88-24 
Gr#25 
GT-88-26 
GT-88-27 
GT-88-28 
GT-88-29 
GT-88-30 
GT-88-31 
GT-88-32 
GT-88-34 
GT-88-35 
GT-88-36 
GT-88-37 
GT-88-3s 
GT-8839 
GT-8840 
GT-8841 
GT-ss-42 
GT-ss-43 
GT-8844 
GT-ss-45 
G T m  
GT-8848 
G T m  

Temp 
(“Cf 5% ca - - -  
88.0 a 3  32.4 
m.0 88 593 
37.0 117 67.9 
77.0 288 180 
85.0 190 642 
n5 a ns 
27.a m 22.4 
221 67 20.6 
70-0 95 552 
60.0 90 35-9 
782 87 50.1 
943 90 66.1 
90.4 89 59.8 
77.2 a 55.4 
825 94 60.1 
a.7 72 473 
34.6 91 21.4 

402 115 303 
20.0 48 10.9 
324 2CQ 214 
223 79 53.4 
37.4 63 15.8 
213 68 10.7 
241 74 283 
58.1 2M) 115 
42.0 150 86.8 
345 320 59.4 
235 102 463 
42.0 55 43.1 
23.4 90 8 3  
ZL2 33 702 
34.8 75 27.6 
51.6 85 22.8 
20.4 64 413 
253 88 163 
33.8 75 503 
96.6 25 194 
248 85 35.6 
247 53 160 
96.2 95 69.0 
88.8 99 56.1 
227 57 15.6 
228 99 2 0  

327 m 20.9 

Mg Sr Na 

26.6 0.14 13.1 
1.15 1.13 609 

39-6 0-95 381 
87-4 0.11 70 
30.6 0.11 26 

- - ~  

7.17 0.13 7.5 
721 0.14 8.0 
6.07 0.11 9 5  
130 1-03 598 
273 034 334 
234 0.94 464 
1.10 1.23 610 
1-08 1.19 591 
1.48 1.05 543 
1.04 1.13 601 
0.20 0.72 444 
6.73 0.21 16.2 
6.78 026 13.7 
478 0.29 220 
224 0.06 5.5 

50.8 155 82 
15.2 0.20 146 
4.82 0.09 11.8 
3.84 0.12 7 8  
7.11 0.17 10.1 

31.8 0-60 62 
240 0.43 48 
372 0.35 41 
16.1 028 17.6 
8.74 0.18 39 
3.07 0-18 10.6 
482 0.22 2 9  
6-13 0.12 8.9 
5.67 0.02 25 

163 0.35 9.7 
853 0.09 9.7 

19.9 0.22 32 
19.8 0-14 15  
11.1 0.20 17.6 
482 1.13 9.5 
138 130 604 
1% 1.08 504 

57.0 0.74 17.8 
333 0.12 5.8 

K U  

9.0 4.02 
23 189 
25 028 
62  0.09 
8.1 0.W 
9.1 4.02 
9.9 0.02 
3.0 0.01 

248 191 
13.8 1.04 
18.8 1.46 
240 199 
224 1.62 
220 1.60 
224 1.84 
6.6 1.11 
5.8 0.01 
46  4.01 
6.9 0.02 
2.1 0.01 
9.0 0.06 
25 4.01 
35 <01)1 
23 4-01 
2.7 4-01 
9.1 om 
8.8 O M  
9.0 o m  
7.0 4.01 
72 0.01 

10.8 0.01 
1.0 4.01 
43 4.01 
9-0 co.01 
3.6 4.01 
2.7 4.01 
3.4 co.01 

32 4-01 
5.0 <OB1 

25.2 186 
224 155 
4 0  4.ol 
32  4.01 

- -  

0.8 <om 

ca, 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

H a 3  -- sos 
0 355 

1 2 7 2 5 6  
849 109 

0 3 5 6 0  
01285 
0 4 2 7  
0 4 0 0  

117 132 
156 236 
239 124 
169 ,190 
147 259 
142 249 
164 z 5  
142 258 
68.5 293 

156 1 9  
159 0.7 
168 41  
49.1 125 
o m  

152 110 
44.1 69.0 
8s 1.6 

159 3.0 
195 376 
213 249 
356 117 

0 412 
186 109 
76 3.1 

242 43 
0 149 

295 165 
563 8 7  

149 1 5  
164 156 
276 328 
l22 75.0 
53-9 80.4 

144 280 
159 215 
783 27 
392 72.4 

a~ -- 
2 3  0.07 

787 206 
335 0.20 
4 . 4  0.14 
02 0.13 
2.7 0.09 
26  0.09 
1.9 4-05 

796 242 
377 1.77 
608 2.11 
811 258 
801 243 
735 2.41 
795 265 
546 324 

2 3  4.05 
1.2 4.05 
40  4-05  
25 c0-05 
8.7 cO.05 
25 4.05 
0 5  0.08 
1.4 4-05 
12  4.05 
41 0.07 
25 0.08 
3.6 0.17 
2.8 0.06 
1 3  4.05 
43 co.05 
1.6 0.19 
1.2 0.24 
1.1 0.19 

144 4.05 
0.6 4-05 
25 0.18 
55 0-10 
1.5 4.05 

253 4.05 
817 246 
7 0 9 2 . 3 2  

2.2 4.05 
285 4.05 

Br 

eo-1 
24  

4 . 1  
c0.4 
4.2 
co.1 
c0.1 
4 . 1  
21 
1.1 
1.6 
23 
2.2 
20 
2 3  
1.6 

4 - 1  
4 . 1  
4 . 1  
cos 
42 
c0.1 
eo-1 
4 . 1  
4 - 1  
4 . 1  
4 . 1  
4 .1  
co.1 
4 . 1  
4 - 1  
4 - 1  
cos 
co.1 
c0.1 
4.1 
4 . 1  
4 . 1  
4 . 1  
4 - 1  
2.5 
2.2 

cos 
co.1 

B 

0-03 

3.14 
031 
0.18 

4.02 
4.02 
4.02 
17.1 
8.9 

l3.1 
175 
17.5 
15.8 
123 
8.94 

4-02 
4.02 
4.02 
4.02 

4.02 
4.02 
4.02 
4.02 

0.09 
0.12 
0.09 
0.03 
0.02 

4.02 
4.02 
4.02 
0.03 

4.02 
4.02 
0.08 

4.02 
4.02 
4.02 
17.6 
16.4 
4.02 
4.02 

- 
126 

om 

TDS 

670-0 
19i3.2 
19292 
4g345 
177.26 
590-1 
5453 
2413 

1995.9 
l23Zl 
161l5 
20426 
19843 
1864-9 
19973 
1495.8 
304.0 
2995 
3689 
1453 
65743 
4365 
213.4 
186-6 
2913 

10x3-0 
780.2 
i392 
6145 
449.4 
218.7 
361.5 
277-0 
360.7 
377.4 
280.6 
534-7 
859.4 
351.0 

1036.1 
20745 

1745 
18148 

n i .9  

cation Anion 
(meq/l) (meq/l) -- 

7.078 7523 
30.387 30232 
23.984 25.702 
73395 74424 
25.087 26.958 
7 m  9.042 
7.401 8.m 
2036 2291 

29.768 30m 
17.054 17.653 
23595 24536 
30.814 31536 
292x3 30961 
27.283 2l3a99 
30-056 30.752 
22013 23.181 
2489 26% 
2324 2681 
3.0.53 3.168 
1.029 1344 

102.234 1082% 
4649 4975 
1 m  2190 
1.442 1516 
2510 2799 

11330 11582 
8.660 8.795 
8.044 8.403 
6374 &730 
4818 5374 
1.481 1.606 
4.066 4.129 
3.218 3-174 
3836 3.990 
3330 4l37 

6.066 6342 
11.44.5 1152 
3542 3-617 
1252912929 
30.707 32.109 
25.613 B3!3 
1.445 1.483 
8.162 8.m 

2.011 2562 

Balance 

-0.0609 
0.m1 

-0.0692 
-0.0139 
-0.07l9 
-0.1440 
-0.1350 
-0.1178 
-00343 
-0.0345 
-0.mm 
-0.0231 
-0.0458 
-0.0575 
-0.m 
-0.@517 
-0-0799 
-0.1432 
-0.Q370 
-0.2653 
-0.0616 

-0.1951 
-0.aMo 
-0.1088 
-O.m 
-0.0155 
-0.0436 
-03120 
5.1091 
-0x)806 
-0.0153 

-0.m 
-0.0513 
-0.2411 
-0.0446 
-0.0110 
-0m08 
-0.0315 
-0.0447 
-0.1016 
-0.w 
-0.u372 

-0.0678 

0.0136 



-le No. 
Temp 
(“0 si02 - - -  
935 201 38.6 
852 288 103 
201) 81 25-4 
222 82 59.5 
802 72 43.4 
86.2 73 49.0 
85.0 88 512 
36-0 83 24.2 
535 88 348 
85.0 70 59.6 
85.2 74 60.0 
25.0 95 25.8 
208 98 13.7 
325 111 362 
224 90 16.0 
40.8 58 46.5 
255 118 762 
20.1 180 522 
96.5 107 672 
87-4 102 609 
37.5 140 56.7 
41.8 139 86 
30.0 61 162 
21.1 78 27.4 
58.0 184 104 
25.1 83 228 
175 53 9.6 
524 88 224 
a 4  92 58 
65.4 92 472 
95.8 95 611 
75-0 92 55 
a 4  95 60.0 
420 123 3l.l 
379 67 16.2 
172 8a 16.6 
355 79 27.5 

n.7 93 265 
39.2 141 79.3 
27.8 94 24.3 
- <1 1.0 

97.0 n 480 
23.5 102 9.0 

219 m a.4 

20.7 36 a9 

% - 
233 
62 
7-40 
16.2 
028 
026 
0-48 
730 
3.8 

038 

651 

893 

024 

11.1 

322 

102 
292 
2x3 
1-46 
1.62 
39.5 
52 
6-07 
8 9  

288 
6.41 
2.a 
596 
153 
4.66 
128 
1.84 
1.16 
531 
498 
7-10 
6.62 
&I2 
W 
&%5 
10.6 
030 
5m 

43.4 
3-11 

Sr Na 

0.16 17.8 
0.08 48 
0.12 10.6 
0.17 17.4 
0.62 417 
om 457 
0.72 485 
024 620 
0.40 255 
0.76 50g 
0.76 511 
0.16 14.2 
0.10 10.6 
025 845 
0.11 9.7 
0.17 362 
036 27 
0.38 28 
1.18 671 
1.10 587 
0.78 443 
120 680 
0-14 Z13 
0.19 9.6 
050 56 
0.14 9.6 
om 59 
0.05 239 
1.06 578 
0.72 339 
1-12 612 
094 516 
1-06 519 
029 225 
0.06 119 
0.15 120 
0.11 9.5 
0.16 10.8 
0.26 10.8 
0.66 436 
0.19 143 
0.06 3.1 
02l  3.1 
024 l.4 
0.17 9.5 

-- K 
9.5 
21 
3.1 
27 
83 
10.0 
102 
52 
7 3  

10.0 
10.6 
3.0 
as 

16.6 
29 
7.4 
32 
4.7 

z - 4  
3.4 

32.4 
440 
52 
26 

1.8 
19 
8.8 

24a 
14.6 
23.0 
202 
n.8 
7.1 
3.5 
29 
4.3 
32 
29 

37.6 
26 
0.7 
15 
4.0 

119 

- 

ai 

Li 

0.06 
0.05 

4.01 
#Dl 
1.07 
1.16 
12l 
0.12 
059 
124 
124 
0.02 

4-01 
0.13 

4-01 

<OM 
4A.E 
2.02 
183 
120 
1.89 
0.04 

4 - m  
0.m 
4-01 
rn 
0.06 
186 
1.07 
199 
1.67 
1.89 
0.02 
0.01 

4.m 
0.01 
0.01 

058 
om 
4.02 
401 
4.m 
0.m 

- 

4-01 

4.m 

- -  c o , H c o 3 ~  5 5  
0 o m  13 032 
0 0 n8ll 4 038 
0 98.8 n.1 25 4.05 
0 2 2 6 1 2 8  5.7 0-10 
0 683 283 488 249 
0 512 3ll 542 3.32 
0 53 .73u7  575325 
0 137 320 61.8 035 
0 110 145 296 1.62 
0 35.4 293 623 3.10 
0 433 3M 639 3.28 
0 166 46 3.0 .06 
0 107 3-7 1.4 4-05 
0 288 1u7 61.4 021 
0 1 2 8  21 0-8 0-07 
0 183 104 20 0-15 
0 0 4 5 6  L4 4.05 

0 l3l 275 815 269 
0 145 246 730 247 
0 885 117 347 0.49 
0 1zH) 178 530 0.49 
0 0 1  8B 14.4 0.13 
0 161 1.6 LO 0.06 
0 2% 324 39 4-05  
0 115 4.2 15 4.05 
0 36.6 17.7 l.7 0.13 
0 207 162 3.1 -07 

252 101 235 m l.99 
0 16s 138 423 1.37 

27.6 744 270 810 256 
26.4 96-4 217 681 220 
z.2 842 256 m 2.49 
0 162 7.0 6-1 0.05 
0 293 92.1 0.6 024 

LO 0.12 27.6 525 132 
0 0 149 L7 0.19 
420 366 6.6 25 0.18 
0 142 4.6 157 4.05 
0 763 121 s19 0.41 
0 138 29.7 19 4.05 
0 97.6 1 3  2.7 4.05 
0 240 6.8 LS 0-15 
0 204 1x57 2-6 027 
0 78.1 3.5 4.8 <OB5 

3 0 6 3 8  7.a 4.3 

Br B 

4 - 1  4.05 
4.1 0.16 
<0.05 4.05 
4.05 4-05 
on 9.10 
1-00 126 
1.03 120 
0.19 138 
1.82 6.87 
1.27 146 
134 152 
4.05 4.05 
4-05 4.05 
022 034 
4.05 4.05 
4-05 41-05 
4.05 4-a 
-a-05 4 3 5  

185 18.7 
1.61 163 
158 3.44 
1.15 5.41 
4.05 4.a5 
4-05 4-05 
4.05 4fi 
4.05 4.05 
4-05 4.05 
4.05 4.05 
168 17.0 
1.14 958 
1.74 18.1 
132 15-7 
1.61 17.4 

4AE 4.05 
4.05 <01)5 
4.05 4.05 
4.05 4.E 
4.05 4.05 
4.05 4.05 
1-18 114 

4.05 4.05 
4.# 4.05 
4.05 4B.5 
4.05 4-05 
4fi 4.05 

- -  
13339 
m 1  
2TL9 
4602 

1397-1 
15153 
15912 
41W 
953.4 

16227 
1665.9 
3288 
243B 
7431 
26L7 
49x2 
m 4  
9973 
2 m  
lmL8 
201119 
2938.6 
254.5 
2945 
9l7.Q 
2556 
m.2 
349.1 
19129 
l239.8 
20040 
17313 
19222 

3&[LO 
2059 
m.3 
2 a 5  
2l37 
320.4 
Zl828 

1W.7 
3669 

19426 
23l.l 

nai 

cation 
(meq/l) 

19.761 
46.774 
2497 
5.152 
20-722 
22.789 
24.138 
4-61 
13.448 
25509 
25.686 
2906 
1.722 
8578 
2cm 
5.040 
11.537 
14.429 
33.611 
29.550 
26.841 
39.m 
2397 
2588 

10248 
2148 
0969 
3.750 

29.031 
18.018 
30.634 
26.086 
29-088 
3-16 
1x51 
2039 
2793 
2294 
2930 
29.482 
2801 
0.255 
4.109 

27.785 
1.522 

Anion 
(aeq/u 
19.m 
45.671 
2491 
5.275 

21310 
23336 
24.18 
4.760 
13.575 
25.053 
25866 
3.004 
1.W 
8.794 
2216 
524.7 
9.615 

13-672 
31.789 
28926 
26835 
38.773 
2585 
2775 

10239 
2.185 
1.081 
3m 

29350 
18.001 
31.495 
26- 
30-178 
3217 
2.024 
2083 
3.186 
2412 
3.051 
30.103 
2979 
1.7K 
4.148 
28m 
1.#3 

0.0276 
0.- 
0.0024 

-0.Q236 
-0.ozso 
-0.0237 
40019 
-0.m10 
-0.0094 
0.0180 
5.m 
-0.m 
-013994 
-om249 
-OB841 
-0.0403 
0.18l7 
0.0539 
0 . W  
0.02l3 
0.00m 
0.0165 
-0.am 
-0.0695 
-0.m 
-011171 
-0.1088 
-0.0079 
-0.m 
0 . m  
-0.m 
4.u329 
-0.0368 
-0-ffl61 
-0-rn 
-0.11309 
4l3l!j 
-011504 
-0.0406 
-0.m 
-0.06lS 
-1.48Io 
-0.0094 
-0.mo8 
-0.0520 



~0.001 66 
com1 41 
con01 41 
C0.m.l 234 
co.m 726 
co.001 10.0 
co.001 103 
co.m1 4.1 
corn1 4.1 
co.001 4.1 
co.001 4.1 
co.001 4.1 
con01 4 3  
co.001 4.1 
4.001 4.1 
con01 4.1 
co.001 4.1 
co.001 4.1 
CO.MII 4.1 
co.001 4.1 
co.001 579 
co.001 02  
co.001 4.1 
co.001 12 
corn1 4.1 
co.001 4.1 
co.001 4.1 
co.001 4.1 
4.001 0.6 
co.001 43 
4.001 03 
co.001 4.1 
4.001 25 
cO.001 4-1 
4.001 4.1 
co.001 4.1 
c0.001 4.1 
co.001 4.1 
co.w1 4.1 
co.001 4.1 
CO.oD1 4.1 
co.001 43 
4.oD1 43 
c0.001 4.1 

co.001 693 
co.001 103 
co.001 0.46 
co.001 0.12 
cO.001 03 
co.001 02 
co.001 02  
co.001 4.05 

As Ba cd co G cs cu Fe 

4.05 
1 9 
0.10 
0.10 
4.05 
4.a 
4.05 
4.05 
136 
1.46 
1.40 
1&3 
I 91 
1.76 
1 .a 
123 
4.0s 
4.05 
4.05 
4.05 
m1)5 
4.05 
4.05 
4.05 
4.m 
4.05 
co.05 
4.0s 
4.05 
4.05 
4.05 
4.05 
4.05 
4.05 
4.E 
4.05 
4.E 
4 .m 
 os 
4.05 
2.00 
155 
4.05 
4.05 

43 
4.l 

0.05 
4.05 
12 
13 
1 3  
0.15 

0.08 
0.01 
0.11 
0.02 
0.05 
0.07 
OM 
0.03 
0113 
OM 
0.03 
OM 
0.02 
OM 
0.04 
0.02 
0.04 
0.02 
OM 
OM 
0.04 
0.02 
0.08 
0.08 
0.01 
0.05 
0.04 
0.02 
.030 
OM 
029 
0.10 
0.05 
0.03 
0.09 
4.01 
0.09 
0.11 
4.01 
0.19 
0.02 
0.01 
0.01 
033 

0.06 
0.02 
0.02 

4.01 
4M 
4.02 
0.04 
O B  

4.m 
4.001 
4.001 
corn 
4.001 
4.001 
4.001 
CD.001 
4.001 
4 M l  
4.001 
4.001 
4.001 
4.001 
4.001 
4.001 
4m 
4.001 
4.001 
4.001 
4m 
4.001 
8.001 
4.001 
4m1 
4.001 
corn1 
4.001 
&OM1 
4M1 
8.001 
4.W 
4.001 
4.001 
4.001 
4.001 
4.001 
d.001 
4.001 
4.001 
4 ~ 1  
4.001 
4.001 
4.001 

4.001 

4.001 
4.001 
4.001 
4 M l  
4.001 
4.001 

8.002 
cu.002 
4.002 
4 . w 2  
4.002 
<om 
dm 
4m 
moa2 
4.002 
4.002 
4.002 
41302 
4.002 
4.002 
4.002 
(0.002 
4.002 
4.002 
4.002 
0.36 

con02 
4.002 
4.002 
4.002 
4.002 
4.002 
4.002 
4.002 
4.002 
4.002 
4.002 
0.0% 
4.002 
4.002 
c0.002 
4.002 
4.002 
c0.002 
4.002 

4.002 
4.002 
4.002 

0.005 

4.002 
4.002 
4.002 
4.m 
4.002 

cooam 

0.016 

4.002 

4.002 
4.002 
4.032 
01341 
om2 
0.005 

4.002 
4.002 
4.002 
4.002 
4.002 
4.m 
4.002 
4.002 
4.002 
4.002 
4.002 
4002 
4.002 
4.002 
O M  

4.002 
4.002 
con02 
4.002 
4002 
4m 
4.002 
4.002 

0.005 
0.W 

4 M 2  
4.002 
4.002 

0.003 
4.002 
4.002 
4.002 
4m 
4.m2 
4.002 
4.002 
4.002 

4.002 

oxno 
0.015 

4.002 
4.002 
4.002 
4.002 
4.002 
4.002 

0.015 
031 
0- 
0.009 

cow5 
4.005 
CO.005 
4.w 
ci.o.005 

0081 
0.095 
0 2  
0.12 
0.11 
0.11 
0.069 
4.005 
4.005 

0.007 
4.005 
4.00.5 
0.006 

4.005 
4.005 
4.005 
4.005 
4.005 
4.005 
4.005 
4.m 
4.005 
co.00.5 
4.005 
4.005 
4.005 
4.005 
4.005 
4.005 
4.m 
4.005 
0.14 
OX? 
4.005 
4.005 

OaoS 
0.007 
4m 
4.005 
0.10 
0.12 
0.12 
Om 

8.61 
0.11 

4.m 
411 
920 
11.6 
128 
0.14 
0.02 
0.04 

mm 
4.02 
4.02 
4.02 
4.02 
4.02 
61.01 
4.01 
om 
o m  

216 
0.11 
0.B 
094 
4-01 
4.01 

0.07 
4.oI 

3.46 
0.98 
0.11 
0.01 
138 

0.03 
0.02 
7.75 
0.04 

4.01 
0.10 
4.02 

0.02 
0.03 
61nl 

16.7 

9 x 1  
1m 
034 
0.07 
0.06 
4.02 
4.02 
4.01 

Mn MD 

0.77 
0.05 
0.09 
3.05 
1.18 
030 
030 

0.08 
a05 
0.07 
0.06 
0.04 
0.05 
0.11 
0.03 

4ffl 
4.01 
4.01 
dol 

4.u 

0.06 
0.06 

4.01 
1.03 
0.67 

4.01 
0.95 
0.18 

0.04 
0.32 
024 

0.B 
034 

0.01 
4.01 
0.07 
0.07 

d m  

4.m 

4.m 

om 

0.n 

am 
om 
O B  
2.08 

4.m 
4.01 

0.02 
0.02 
0.07 
4.01 

OD06 
O M a  
4m 
4m 
4.002 
4m 
4.002 
4.m 
4m 
4m 
4.002 
41302 
4.002 
dm 
0.002 
O W  
4.002 
4.002 
4.002 
(om 
0.006 
OD03 
4.002 

4.002 
Com 
4.002 
4.002 
4.002 
4m 
4m 
4m 

0.006 
0.003 
4m 
4.002 
4m 
4m 
4.002 
4.002 
OB05 
0.007 
4.002 
4.m 
4.002 
4.002 
4m 
4.002 
0.015 
Om 
0.011 
0.006 

doam 

- MJ4 
217 
0.08 
4.05 
13.9 
324 
0.74 
0.60 
051 
021 
0.06 
0.67 
0.17 
O Z l  
0.07 
028 
0.12 
0.13 
OM 
0.06 
O M  

0.05 
4.05 

0.06 
4M 
4.05 

0.05 
4.05 
454 
0.06 
0.49 
0.12 
0.06 
0.12 
0.05 
4fi 
0.11 
0.46 

4.05 
026 
0.13 
0.09 
4.05 

OJl6 

335 
627 
0.14 
0.09 
0.05 
0.10 
0.08 
4.04 

5n9 

Ni 

4.002 
4.002 
On02 

corn 
corn 
O M  
0004 
0.004 
0.012 
0.OU 
0.005 
d.002 
4.002 
corn 
OD04 
8.002 
4.m 
4.002 
c0.002 
c0.002 
0.m 
0.007 

4.002 
4.m 
4.002 
4.002 
4.002 
4.002 
c0.002 

o.oc3 
4.002 
0.m 
4.002 
co.002 
4.902 
4.002 

0.002 
4.002 
4.0112 
4.002 
4.002 
4.002 
4.0112 

0.023 
0.009 
0.012 
0.W 
4m 
4.002 
4.002 
co.002 

- 

o m  

N% - 
02 
02 
4.1 
4 . 4  
42 
4.1 
43 
26 
45 
13 
4.1 
4.1 
4.1 
0.6 
4.1 
4.1 
2.1 
13 

13.4 
128 
42 

6.5 
4.1 
4.1 
5.9 

23.4 
43 
4.1 
4.1 
43 
10.8 
1.0 

4.1 
4.1 

163 
44 

18.4 
05 
4.1 

(0.1 
2 3  
5.0 

599 

342 

026 
40.1 
22.7 
222 
4.1 
4.1 
4.1 
1 4 

F% 

OLIO3 
4m 
4.002 
4m 
4.002 
cum 
4.002 

41102 
com 
4.002 
4.002 
4.002 
4.002 
4m 
4.002 
corn 
4.002 
4 .m2 
4.m 
Com 
4m 
4.002 
4.002 
4.002 
4m 
4.002 
4m 
corn 
4m 
4.002 
com 
4.002 
cum 
4.002 
4.002 
c0.m 
corn 
4.m 
com 
4.m 
4.002 
4.002 

01302 
OB05 
4.002 
4.002 
4.002 
4.002 
OD02 

(om2 

4.002 

co.ooz 

- Po, 
8.1 
4.1 
coJ 
4 . 4  
42 
4.l 
C0.l 
4.l 
C0.l 
4 2  
4.1 
4 3  
4 3  
4.l 
dl3 
4.l 
4.1 
4.1 
4.1 
401 
4 2  
4 3  
4.l 
4 3  
4.1 
dll 
4.l 
4.1 
4.l 
dll 
4 J  
d l  
4.1 
4 3  
4.1 
4.l 
4 3  
4 2  
43 
4.1 
4.1 
4.1 
4.1 
4.1 

Oh2 
43 
4 f f i  
COD5 
4.l 
4.1 
4.1 
4.m 

Rb 9, se zn 
0- 
OX? 
0.11 
0.18 
0.W6 
OD37 
0.038 
0.008 
0.19 
031 
0.14 
0.18 
0 3  
0.16 
0.17 
0.092 
0.017 

0.021 

OMS 
4slo.5 

0.007 
4.005 
8.005 

0.038 
Om 
Om 

om3 

om0 

0.m6 
0.016 
0.W 

*.@I5 
0.007 
0.031 
O D E  
0x105 

4.m 
0.005 

0.15 
0.14 
0.006 
0.W 

0.08 
0.10 
O M  

0.07 
O B  
O M  
0.025 

orno 

om1 

0.014 

4.1 
0.1 
43 
4.1 
4 2  
43 
43 
4.1 
02 
4.l 
4 2  
4 2  
4 2  
4 2  
02 
43 
4.1 
4.1 
COS 
Q.1 
42 
4.1 
4.1 
4.1 
4.1 
4.1 
43 
42 
4 2  
8.1 
4.1 
4.1 
4.1 
d . 1  
4.1 
4.1 
4.1 
4.1 
42 
4.2 
4.1 
4.1 
d . 1  
8 . 1  

4 .3  
4.1 
4.0.5 
4.05 
4.1 
4.1 
4.1 
4nS 

037 
4m 

0.41 
023 

OD5 

OM 
OM 

031 

-am 

om 
om 

om 

0.01 
om 

0.01 
om 

0ffl 
Om 

0.01 
OM 
098 
OM 
OM 
OM 
0-K2 

OM 
0.02 

om 

om 
om 
OM 
OM 
0.05 
01)5 
0.02 

OJl3 
0.02 
0.03 
OD3 
OM 

0.03 
OM 

022 
0.44 
0.01 

om 

om 

4.m 
dm 
028 
OM 
0.02 



TABLE C-3 (oont) 

SampleNo. Ag - AI 

a-1 dm 0.1 
GT4W dm 4.1 
GT-89.63 4.001 4 3  
GT39-64 4.001 4.05 
G T 4 M  4.m 0.07 
GT-89-66 4.001 4.05 
GT49.67 C0.m 4.05 
GT-8%8 4.001 0.05 
GT-9 4.m 2.4 
GT-89-70 4AoI 355 
GT-89-7l 4.001 0.1 
GT239-72 4m 4.1 
GT49-73 4.m 4.1 
GT-89-74 4.001 0.1 
GT-89-75 4.001 4.05 
GT-89-76 4.001 4.05 
GT-89-77 corn1 4.1 
GT-89-78 4.001 0.10 
w-89-79 4.m1 4.05 
GT-8p81 4M1 0.08 
GT49-83 4 M l  4.1 
GT-89-84 C0.001 43 
GI- 4.001 4 s  
GT-8986 corn 4.1 
Gr-89-87 4.001 4.1 
GT-8948 4.001 0.05 
GT-90 <OM1 0.08 
GT-89-9l 4M1 4005 
GT-89-92 dm 233 
GT-89-93 corn1 4.05 
GT-89-94 4.001 0.07 
GT-89-97 4.001 4.1 
w-98 corn1 4005 
GT-8p99 corn 43 
Gl-49-100 4m 4.0.5 

GT-89-102 4.m 039 
m-89-1m <om 4 s  

a A n a l p s  by P. E Trujillo and 

As 

0.6 
15 
15 

COD5 
0.06 
Om 
4-05 
4.05 
4.1 
4.1 
2.0 
18 
4.1 
03 
4115 

0.08 
43 
4.05 
0.m 
0.12 
20 
1.1 
2.0 
1.7 
1.8 
0.05 

4.05 
4.05 
4.05 
4.05 
4.05 
0.8 
4.05 
8.1 
4.05 
4.1 
4.05 

I_ 

D. cow 

Ba 

0.08 
0.02 
0.05 
O M  
0.02 
0.02 
0.01 
OM 
0005 
OM 
OM 
4.02 

022 
020 
0.05 
0.01 
OW 

4.01 
4.91 
OM 
4M 

0.M 
d M  
4.02 
d M  
OM 
0.07 
0.07 
O M  
OM 
O B  
0.13 
0.01 
dm 
OM 
0.19 
028 

- cd 
4 X ) o l  
4m 
4.001 
8.001 
4.001 
4.m 
4.001 
4.001 
4.001 
4.m 
d.001 
4M1 
4.001 
4.001 
4.001 
4.m 
4.001 
4.001 
Q.001 
4.001 
4.m 
4.001 
co.001 
4.m 
C0.m 
4 M l  
8.001 
4wn 
4.001 
4.001 
4.m 
4.001 
4 M l  
4.001 
4.001 
4rn1 
4m 

- 

mosNaiia 

co G cs 
4m 
4.m 
4m 
4.m 
4.002 
4.002 
4.002 
41x12 
4.002 
4.002 
4.m 
4m 
4m 
cum 
4.m 
4.m 
4m 
4.002 
4m 
dm 
4x102 
4.002 
4m 
4.002 
4.002 
4.002 
4.002 
4.002 
01304 
4m 
dm 
<om 
4.002 
4.002 
4m 
4m 
8.002 

4.m 
4.002 

0.022 
4.002 
4.m 
4.002 
4.002 
4.002 
4.002 
0.W 
4.002 
4.002 
4m 
4.002 
4.002 
4.002 
4m 
4.m 
4.002 
4.002 
4m 
4.002 
4.002 
<om 
4.002 
4.002 
4.002 
4.002 
dJ.002 
4.002 
4.002 
4m2 
4m 
4.002 
4.002 
4.002 
4.002 

0266 
0.13 
0.13 
4.005 
4m 
~0.005 
4.005 
4.005 
CO.005 
corn 
0.14 
0.11 
0.039 

401305 
4.005 
c0.005 
4.005 
4.005 
4.m 
401105 
0.11 
0.06 
0.12 
0-06 
0.12 
om1 
4m.5 
4.005 
401105 
4.005 
<om 
0.012 
4.005 
4.005 
4.005 
4.005 
< O B  

cu 

4.002 
4m 
4.m 
dlm 

O M 2  
4.m 
4m 
<om 
4.m 
4m 
4.m 
4.002 
4.m 
4.002 
4x7 

O M 4  
OMn 

4.wxL 
9.!?!?2 

4JxQ 
4.002 
4m 

O M n  
O M n  
O m 0  

4.m 
4.002 

0.002 
4m 
OMIZ 

8 M n  
4.002 
4.002 

0.004 
OB02 
0.002 
O M a  

- Fe 

0.10 
4.02 
4.0.02 

0.03 
0.01 
OSU 

0.05 
290 
220 
0.08 

4.m 
0.12 
0.10 
021 

4.02 
0.m 

4.z 
15.7 
4 - m  

0.W 
0.04 
4.02 
0.04 

0.07 
0.05 
1.4l 
4.01 
4.01 
412 
0.04 
4.02 

Qo8 
0.72 

- 

o m  

am 

4.01 

0.01 

Hg - 
402 
4 2  
4 2  
4.1 
4.1 
4.1 
4.1 
4.1 
4 2  
4 2  
4 2  
4 2  
4 2  
4 2  
4.1 
4.1 
02 
4.1 
4.1 
4 3  
4 2  
4 2  
4 2  
4 2  
42 
4 s  
43 
4.1 
4.1 
4.1 
4.1 
4 2  
4.1 
4 2  
8.1 
4 2  
4.1 

M n  

0.09 
4.02 

0.02 

0.14 
4.01 
0.02 
0.19 
129 
O S 9  
0.04 
0.04 
0.25 
029 
0.11 

0.92 

c9.z 
013 
0.W 
0.06 
0.W 
0.06 
0.07 

0.06 
4.01 
032 

- 

om 

a m  
4 . m  

4.m 

4.01 
a m  
056 
4.01 
4.02 

l.23 
0.01 

4.m 

Mo 

0.W 
0.ou 
0.012 
0.006 
4.m 

0.004 
4.002 
4.002 
4m 
4x7 
0.007 
0.011 
0.002 
0.002 
4m 
corn 
4.m 
c0.m 
!Xm 
4.002 
0.004 
0.0m 
dm 
0.003 
OB03 
4.0m 
4.002 
cum 
4m 
COaM 
4.002 

O N 8  
4.m 
4.m 
4.002 
OD03 
4.002 

- N H 4  
0.06 
0.08 
0.07 
0.05 
0.06 

co.05 
0.08 
0.19 
5.12 
249 
0.41 
0.S 
0-11 
0.09 
0.09 
4.05 
0.11 
OD6 
4.05 

0.09 
020 
0.06 
0.11 
0.05 
0.10 
4.05 

0.07 
0.05 

4.05 
4fi 

O S  
O S 7  
0JJ.S 
0.48 
0.11 
1.69 
0.12 

Wl 

0.003 
0.W 

Com 
4.m 
0.009 
0.007 
OM13 

4m 
4.m 
0.062 
0.0W 
dm 
4m 
cum 
om1 

4.m 
4m 
4.m 
#.m 
4.m 
4.002 
4.m 
Com 
4m 
m m  
4.m 
Com 
< O M 2  
Om 

4.m 
0x103 
OB04 
0.m 
O B  
0.003 
0.0015 
0.023 

- N% 
4.1 
4.1 
4.1 

5.8 
1.79 
4.2 
2.7 

4.05 
4.05 
4.05 
4.1 
4.1 
4.1 
4.1 
4.05 
3.7 

4.05 
105 
32 

4.05 
4.1 

,, 4 - 1  
4.1 
4.1 
4.1 
14.8 
4005 
4.05 
4.05 
32.1 
11h 
4.1 
2s 
OM 
0.74 

255 
7.1 

Pb 

4m 
c0.m 
0.005 

c0.m 
Com 
4.m 
C0.m 
4.w 
4 M 2  
4.m 
4m 
0.m 
dJ.002 
4m 
4.@32 
0.002 
co.002 
0.002 

cu.m 
C0.m 
4.m 
8 M 1 2  
cam 
OM12 
4.002 
4.m 
4.002 
4x102 
4.m 
4.m 
4.002 
4m 
4.002 
4.002 
4.002 
4.002 
0.002 

Po, - 
4.1 
4 3  
43 
OS7 
4.05 

037 
033 

4005 
022 
230 
4.1 
4.1 
4 3  
41 

022 
025 
055 
4.05 
a 5  
4.05 
4 s  
4 3  
dS 
4 3  
4 3  
4.05 
4005 
4.05 
4.05 
0.65 
4.05 
43 
039 
8.05 
030 
4.1 
4.05 

Rb 5b se zn 
0.05 
0.08 
0.09 
0.009 
4m 
0.6 
0.008 
0.m5 
0.024 

0.13 
0.12 
0.12 
022 

0.m 
0.38 
0.005 
am3 
0.W 
0.14 
0.08 
0.14 
0.11 
0.14 
OR32 
0.015 

om4 

0.013 

orno 
0.014 
0.009 
0.006 
010 
0.008 

4.m 
4.m 
OM16 
OlES 

4.1 
8.1 
4.1 
4.05 
4005 
4 J E  
4005 
4.05 
4.1 
4.1 
4.1 
4.1 
4.1 
4.1 
4.05 
4.05 
43 
4.05 
435 
4.1 
d l  
4.1 
41 
os 
os 
4.05 
4.05 
4005 
8.05 
8.05 
8 0 0 5  
02 

4.05 
4.05 
4.1 

8.05 

4.05 

4.1 
42 
42 
4.1 
4.1 
4.1 
4.1 
4.1 
4 2  
4 2  
co2 
4 2  
4 2  
4 2  
4.1 
4.1 
4 2  
4.1 
41 
4.1 
4 2  
42 
8 2  
42 
42  
4.1 
4.1 
4.1 
8-1 
43 
4.1 
4 2  
4.1 
4 2  
4.1 
42 
4.1 

4.01 
CUM 
4.02 

4m 
dffl 
4.01 
d f f l  

0.04 
032 
OM 
0.02 
OM 
4.01 
d f f l  
OM 
OM 
0.G 
OD6 
OM 
4M 
d)M 

0.12 
4.02 
OM 
0.10 
0.03 
OB6 
0.@3 
O M  

4.01 

250 
OW 
0.01 

om 

d m  
am 



TABLE C-4. ISOTOPE ANALYSES FOR THERMAL AND NONTHERMAL WATERS OF THE 
TECUAMBURRO VOLCANO AREA 

Field 
Number 
GT-88-1 
GT-88-2 
GT-88-3 
GT-88-4 
GT-88-5 
GT-88-6 
GT-88-7 
GT-88-8 
GT-88-9 
GT-88-10 
GT-88-11 
GT-88-12 
GT-88-13 
GT-88-14 
GT-88-15 
GT-88-16 
GT-88-17 
GT-88-18 
GT-88-19 
GT-88-20 
GT-88-21 
GT-88-22 
GT-88-23 
GT-88-24 
GT-88-25 
GT-88-26 
GT-88-27 
GT-88-28 
GT-88-29 
GT-88-30 
GT-88-31 
GT-88-32 
GT-88-33 
GT-88-34 
GT-88-35 
GT-88-36 
GT-88-37 
GT-88-38 
GT-88-39 
GT-88-40 
GT-88-41 
GT-88-42 
GT-88-43 
GT-88-44 
GT-88-45 

Date 
03/17/88 
03/ 17/88 
03/21/88 
07/07/88 
07/07/88 
07/07/88 
07/07/88 
07/07/88 
07/08 /88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/08/88 
07/09/88 
07/09/88 
07/09/88 
07/09/88 
07/09/88 
07/11 /88 
07/11/88 
07/11 /88 
07/11 /88 
07/11/88 
07/12/88 
07/12/88 
07/12/88 
07/12/88 
07/13/88 
07/13/88 
07/13/88 
07/14/88 
07/14/88 
07/14/88 
07/14/88 
07/15/88 
07/16/88 
07/ 16/88 
07/16/88 

1070 
490 
860 

1070 
1070 
1070 
1070 
1070 
490 
490 
490 
490 
490 
490 
480 
480 
590 
590 
530 
250 

1470 
1470 
1460 
1110 
1020 
1100 
1100 
1120 
1080 
1040 
750 

1110 
1110 
1000 
920 

1220 
1120 
990 

1340 
1060 
1020 
1180 
390 
820 
490 

88.0 -' 
90.0 - 
37.0 - 
77.0 -21.9 
85.0 -31.2 

27.8 -39.2 

70.0 -51.9 
60.0 -51.7 
78.2 - 
94.3 -49.4 
90.4 - 
77.2 - 
82.5 -50.1 
83.7 -51.5 
34.6 -59.2 
32.7 -53.4 
40.2 -53.6 
20.0 -14.5 
96.0 -90.8 

20.0 -59.5 
32.4 -44.7 
22.3 -62.5 
37.4 -54.6 
21.3 -49.2 
24.1 -518 
58.1 -58.0 
42.0 -58.0 

71.5 -41.0 

22.1 -60.3 

- - 

34.5 -61.7 
23.5 - 
42.0 -55.7 

22.2 -51.9 
34.8 -53.6 
51.6 -56.6 
20.4 -52.9 
25.3 -53.5 
33.8 -54.5 
96.6 -57.6 
24.8 -54.4 

I 

23.4 -46.9 

24.7 -48.6 
96.2 -53.9 

- 

-2.55 
-0.76 
-4.58 
-4.29 
-8.90 
-6,45 
-7.15 

-6.56 
- 
- 
-6.68 
-6.83 
-8.26 
-7.82 
-7.49 
-2.67 

-15.05 

-8.49 
-5.64 
-4.74 
-7.92 
-7.19 
-7.88 
-8.58 
-8.60 
-8.79 

- 

- 
-8.26 
-6.93 
-7.84 
-7.81 
-8.40 
-7.72 
-7.91 
-8.09 
-7.25 
-7.75 
-7.04 
-6.72 

- 

- - - - - 
-6.35 
-7.16 

-6.71 
I 

- - 
-6.95 
-8.46 

- 
- 
- 
- 
I - 
-7.97 - - 
-8.65 
-8.81 
-9.10 

-8.19 - 

-7.87 
-8.55 - 

-8.29 
-7.53 - 
- 
-6.79 

I I - - 
I - - - 

4.89 - 
3.01 -6.27 
3.12 -15.22 

3.66 -5.37 

- I 

- - 
- - - - - - 
4.25 -9.25 
I -18.18 - - - - - I - 
I - - - - - 

10.92 -12.53 
I - 
I I 

4.11 -5.05 
3.91 -6.04 
2.40 6.52 -- 
7.24 -4.29 - - - - 
3.20 - 
6.41 -17.27 - - - 
8.14 -7.17 

-5.49 0.39 
I - - 
3.64 -5.43 

I - - 
1.67 - - - 
4.53 
0.65 
1 .go 
0.08 - 
- - - 
0.55 

5.24 
3.52 
I - 
5.55 

7.41 
0.20 

- 

- 
4.85 

0.49 
- 

- 
0.18 
8.29 
7.11 
3.37 
0.14 
4.51 
2.85 
3.01 
2.21 
I 

- 
0.65 



TABLE C-4 (cont) 

Field 
Number Date 
GT-88-46 
GT-88-48 
GT-88-49 

GT-89-53 
GT-89-54 
GT-89-55 
GT-89-56 
GT-89-57 
GT-89-58 
GT-89-59 
GT-89-60 
GT-89-61 
GT-89-62 
GT-89-63 
GT-89-64 
GT-89-65 
GT-89-66 
GT-89-67 
GT-89-68 
GT-89-69 
GT-89-70 
GT-89-71 
GT-89-72 
GT-89-73 
GT-89-74 
GT-89-75 
GT-89-76 
GT-89-77 
GT-89-78 
GT-89-79 
GT-89-80 
GT-89-81 
GT-89-83 
GT-89-84 
GT-89-85 
GT-89-86 
GT-89-87 
GT-89-88 
GT-89-90 
GT-89-91 
GT-89-92 
GT-89-93 
GT-89-94 
GT-89-95 

07/16/88 
07/ 16/88 
07/16/88 

02/21/89 
02/21 /89 
02/21/89 
02/21/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/22/89 
02/23/89 
02/23/89 
02/24/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 
02/25/89 

03/01/89 
03/01/89 
03/01/89 
03/01/89 
03/03/89 
03/01 /89 
03/01 /89 
03/01/89 
03/04/89 
03/04/89 
03/04/89 
03/04/89 
03/04/89 
03/04/89 
03/04 / 89 
03/06/89 
03 / 06/89 
03/06/89 
03/06/89 
03/06/ 89 
03/07/89 

02/25/89 

Elev 
(m) 
490 
780 
980 

- 

1070 
1070 
1070 
1020 
480 
470 
475 
480 
460 
480 
460 
440 
580 
980 

1060 
1000 
1110 
1110 
490 
490 
860 
860 
860 
780 

1080 
1120 
1460 
1460 
990 
490 
490 
490 
490 
480 
530 

1100 
1100 
1120 
1190 
1170 
240 

Temp 6Da 
("C) (%o) 

88.8 -47.9 
22.7 -44.7 
22.8 -40.1 

-- - 

93.5 N R ~  
85.2 NR 
20.0 NR 
22.2 NR 
80.2 NR 
86.2 NR 
85.0 NR 
36.0 NR 
53.5 NR 
85.0 NR 
85.2 NR 
25.0 NR 
20.8 NR 
32.5 NR 
22.4 NR 
40.8 NR 
25.5 NR 
20.1 NR 
96.5 NR 
87.4 NR 
37.5 NR 
418 NR 
30-0 NR 
21.1 NR 
58.0 NR 
25.1 NR 
17.5 NR - NR 
52.4 NR 
82.4 NR 
65.4 NR 
95.8 NR 
75.0 NR 
92.4 NR 
42.0 NR 
37.9 NR 
17.2 NR 
35.5 NR 
21.9 NR 
21.7 NR 
20.0 NR 

8'*0a 
(%O) 

-6.50 
-6.82 
-5.97 

- 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

- 
-7.16 
-7.08 
-6.99 
I - 
-6.95 
-6.96 - - 
-8.72 

-8.20 
-6.58 
-5.97 
-6.47 
-6.55 
-7.03 
-7.42 

- 
-8.43 - 

I I 

4.15 -11.97 
4.20 -10.28 
4.23 -9.70 - - I 

3.74 -9.79 
3.82 -9.64 - - 

-4.52 

- -4.34 
1.37 - ' 
0.18 - 
2.96 -6.14 
2.93 -7.92 
2.33 -2.42 
1.99 -1.97 

- e .  

- - 
3.42 -5.61 

-8.56 
-6.74 

-6.64 

-6.74 

-8.14 

- 
- 

5.74 - 
2.81 -7.79 

2.77 -5.56 

2.82 -6.84 

I 

- - 
I 

10.45 - 
2.81 - 
I 

L 

Tritiuma 
(T.U.) 
- 
3.50 - 
2.85 - - 
5.24 

0.37 
3.42 
8.28 
1.23 
0.69 
3.78 

6.20 
1.71 

0.20 

I 

- 

- 
- 
- 
2.74 

5.95 
- 
- - 
I 

6.15 
5.53 

1.01 

3.04 
0.51 

0.70 

0.26 

- 
- 

I 

- 
- 

Q - 
6.62 
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TABLE C-4 (cont) 

Field 
Number Date 
GT-89-96 
GT-89-97 
GT-89-98 
GT-89-99 
GT-89-100 
GT-89-101 
GT-89-102 

03/07/89 
03/07/89 
03 /07/89 
03/07/89 
03/08 / 89 
03/08/89 
03/08/89 

Elev 
(m) 
260 
260 
240 
750 

1220 
1180 
920 

Temp 6Da 
(“a (%o) 

28.5 NR 
39.2 NR 
27.8 NR - NR 
20.7 NR 
97.0 NR 
23.5 NR 

-- 
8180a 
(%O) 

NR 
NR 
NR 
NR 
NR 
NR 
NR 

-7.41 - - - 
0.01 - 

7.01 -2.23 - - - 
0.26 - - 

Tritiuma 
(T.U.) 
I 

1 .oo 
3.07 
6.94 
0.57 

- 

a Stable isotope analyses by M. Colucci, Southern Methodist University; tritium analyses by H. G. 
Ostlund, University of Miami. 
Isotope analyses by USGS, Menlo Park, California. -- = no sample collected. 

d NR = analyses not yet received. 
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APPENDIX D 

TABULATED SELF-POTENTIAL (SP) AND 
AC VOLTAGE MEASUREMENTS 

The tables give the electrode positions with values for the AC voltage and 

self-potential measured between electrodes given on a line between each 

electrode position. For the most part, two values are shown for both AC voltage 

and self-potential, corresponding to one measurement on the rear dipole and 

one on the forward dipole of each setup. The self-potential along the line is the 

sum of the self-potentials across each dipole relative to an arbitrary reference 

electrode. 
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Ixpaco Line 1 

Sta 
0 
0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4-00 
4.25 
4.50 
4.75 

Dipole SP 
(mV) 

Back 

12 
-3 
-7 

+12 
+16 
+13 
+5 
-1 1 
-32 
+10 
+22 
-12 
-20 
-48 
+29 
-1 1 

+30 
+16 

Forward 

+14 
+6 
+1 

+22 
+2 
+6 
-12 
+25 
-14 
-26 
+17 
+24 
+50 

+17 
-22 
0 

+49 

-26 

Line SP 
(mV) 

Back Forward 
-1 2 
0 
e3 
10 
-2 

-1 8 
-31 
-36 
-25 
7 
-3 
-25 
-13 
+7 
+55 
26 
37 
7 
-9 

0 
+14 
20 
21 
43 
45 
46 
34 
59 
45 
19 
36 
60 
110 
84 
101 
79 
79 

+128 

AC Voltage 
(mV> 

Back 

1 

5 
4 
4 
2 
12 
26 
22 
7 
24 
66 
29 
9 
7 

11 
26 
35 
41 

Forward 

8 
5 
4 
3 
14 
35 
19 
7 
24 
42 
31 
10 
8 
12 
25 
34 
44 
91 
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Ixpaco Line 2 

Dipole SP Line SP AC Voltage 
(mV) (mV) (mV) 

Back Forward Back Forward 
_c 

Back Forward Sta 
0 
0,25 
0.50 
0.75 
1-00 
1.25 
1,50 
1.75 
2.00 
2.25 
2.50 
2.75 

+15 

+52 
-1 

e8 
+16 
+13 
+8 
+40 
-1 

-36 +31 
-56 
+l 
-6 
-16 
-12 
-6 
-37 
+16 
-3 

+15 
0 

+36 
-16 
-15 
-23 
-39 
-52 
-60 
-100 
-99 

0 
31 
-25 
-24 
-30 
-46 
-58 
-64 
-101 
-85 
-88 

5 
6 
5 
4 
4 
3 
7 
27 
39 
13 

7 
4 
4 
4 
4 
5 
32 
42 
13 
9 

Sta 
0 
0.25 
0.50 
0.25 
LOO 
1.25 
1.50 
1.75 
2.00 
2.75 
2.50 
2,75 
3.00 
3.25 

Dipole SP 
(mV) 

Back Forward - 
-17 
+64 -9 
+26 +20 
+19 +22 
+41 -4 
i-49 -3 
+40 -1 
+28 +2 
-1 +5 
+7 +19 
+83 -27 
-17 +79 

+17 

Ixpaco Line 3 

Line SP 
(mV) 

Back Forward 

0 0 
-64 -9 
-90 +11 
-109 +33 
-1 50 29 
-199 26 
-239 25 
-267 27 
-266 32 
-273 51 
-356 24 
-339 103 

120 

- 
-1 7 

AC Voltage 
(mV) 

Back . Forward 

26 
47 34 
21 20 
7 7 
4 4 
4 4 
12 12 
12 11 
6 8 
6 5 
4 5 
6 6 

8 
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Ixpaco Line 4 

Line SP 
(mV) - Back Forward 

-1 2 
0 0 

-12 -20 
-7 -12 

+18 +12 
15 10 
33 34 
26 62 
16 89 
11 87 
-78 46 
-64 115 

98 

Sta 
0 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 

- 
Dipole SP 

(mV) 
Back Forward 

-12 
+12 -20 
-5 +8 
-25 +24 
+3 -2 
-18 +24 
t7 +28 
+10 +27 
+5 -2 
+89 -41 
-14 t69 

- 

-1 7 

AC Voltage 
(mV) 

Back Forward - 
5 

l! !i 
77 72 
48 37 
24 25 
7 7 
3 3 
1 2 
2 2 
9 9 

12 

Sta 
0 
0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 

- 
Dipole SP 

(mV) 
Back Forward - 
-13 
-24 +22 
-1 6 +17 
-16 +16 
+7 +6 
-1 +16 

t14 t4 
-1 1 +33 
+18 -14 
-6 -15 

-1 3 

Ixpaco Line 5 

Line SP 
(mV) 

Back Forward 

0 0 
24 22 
40 39 
56 55 
49 61 
50 77 
36 81 
47 114 
29 100 
35 85 

72 

-1 3 

AC Voltage 
(mV) 

Back Forward - 
8 
15 14 
18 13 
13 14 
9 9 
2 6 
5 3 
8 7 
7 8 
3 4 

18 
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Sta 
0 
0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2,OO 
2.25 
2.50 
2.75 
3.00 

Dipole SP 
(mV) 

Back Forward - 
-7 

-15 +10 
-11 +7 
+13 -18 
-25 +24 
-20 +23 
-38 +36 
+31 -31 
+15 -1 6 
-13 +8 
+5 -4 

-6 

Ixpaco Line 6 

Line SP 
(mV) 

Back Forward 
-7 
0 0 

+15 +10 
26 17 
13 -1 
38 +23 
58 46 
96 82 
65 51 
50 35 
63 43 
58 39 

33 

AC Voltage 
(mV) 

Back Forward 

2 
2 1 

11 11 
15 22 
11 4 
4 6 
5 4 
4 3 
6 6 

21 23 
14 14 

6 

Dipole SP 
(mV) 

Sta Back Forward 
0 
0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 

+1 
+12 
+9 
+6 
-1 6 
+19 
+4 
-3 

-12 
-22 
+10 

+1 
-1 
-1 

+19 
-17 

0 
+4 
+8 

+24 
-9 

+14 

Ixpaco Line 7 

Line SP 
(mV) 

Back 
+1 

0 
-12 
-21 
-27 
-11 
-30 
-34 
-31 
-19 
+3 
-7 

Forward 

0 
+1 

0 
-1 
18 
+1 
4- 1 
+5 

+13 
+37 
+28 
+42 

AC Voltage 
(mV> 

Back 

11 
3 
3 
3 
5 

11 
41 
5 
7 
5 
4 

Forward 

3 
4 
3 
6 

11 
47 
4 
7 
5 
5 
6 
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Ixpaco Line 8 

Line SP 
(mV) 

Back Forward 
+17 

0 0 
+3 -8 
+8 -5 
17 +11 
-2 -10 

-5 

Sta 
0 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 

Dipole SP 
(mV) 

Back Forward - 
+17 
-3 -8 
-5 +3 
-9 +16 

+19 -21 
+5 

AC Voltage 
(mV) - Back Forward 

1 
1 1 

1 2 
1 1 

1 
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APPENDIX E 

TABULATED TELLURIC DATA FOR I*RAVERSES 1 THROUGH 8 
CHUPADERO CRATER, GUATEMALA 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 1 

Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.oQo 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27,000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Ratio 

.96 

.88 

.87 

.94 

.64 

.88 

.86 

.87 

.75 

.77 
1.11 
1.02 
1.05 

.68 

.87 
1.01 
1.07 
1.07 
1.19 
1.26 
1.08 
.94 

1.13 
1.15 
1.09 
.98 

1,06 
1.41 
1.42 
1.06 
1.24 
1.24 
133 
.74 
.72 
.98 
.96 
.58 
.76 

1.50 
1.43 
1.42 
1.77 
1.62 
1.88 
.75 
37 

2,59 
1.86 
1 .oo 

7 

Number 
of Obs. 

6 
6 
6 
7 
6 
5 
5 
5 
5 
4 
5 
8 
6 
6 
6 
6 
6 
6 
6 
6 
7 
10 
8 
8 
6 
6 
7 
6 
5 
5 
5 
6 
6 
6 
6 
7 
6 
7 
4 
6 
6 
6 
5 
7 
5 
7 
6 
5 
6 
6 

Standard 
Error 

,033 
.053 
,054 
,027 
,083 
,019 
.046 
,024 
,020 
.031 
.013 
.094 
.022 
,027 
,021 
,045 
,025 
.024 
.029 
.016 
,031 
.022 
.033 
,031 
.045 
,054 
,106 
,060 
,021 
.020 
,018 
,033 
,021 
,017 
,035 
,077 
,026 
,036 
.096 
,014 
,107 
,060 
.080 
.087 
,358 
.096 
,081 
,025 
,027 
,037 

Dipole 
Position 

0 to 
0 to 
0 to 
0 to 
0 to 

250 to 
250 to 
250 to 
250 to 
250 to 
500 to 

' 500 to 
500 to 
500 to 
500 to 
750 to 
750 to 
750 to 
750 to 
750 to 

1000 to 
1000 to 
1000 to 
1000 to 
1000 to 
1250 to 
1250 to 
1250 to 
1250 to 
1250 to 
1500 to 
1500 to 
1500 to 
1500 to 
1500 to 
1750 to 
1750 to 
1750 to 
1750 to 
1750 to 
2000 to 
2000 to 
2000 to 
2000 to 
2000 to 
2250 to 
2250 to 
2250 to 
2250 to 
2250 to 

- 
250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1590 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2900 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Relative 
Voltage 

1 .oo 
1.00 
1.00 
1.00 
1.00 
.96 
.88 
.87 
.94 
.64 
.84 
.76 
.76 
.70 
.49 
.93 
,77 
,80 
.48 
-43 
.95 
.83 
86 
.57 
.54 

1.02 
.78 
.97 
.65 
.59 

1.01 
-83 

1.37 
.93 
.63 

1.25 
1.03 
1.69 
.68 
.45 

1.22 
e 9 9  
-98 
.52 
.68 

1.75 
1.41 
1.73 
3 4  

1.28 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 1 

Station 
Number 

2750 
2750 
2750 
2750 
2750 
3000 
3000 
3000 
3000 
3000 
3250 
3250 
3250 
3250 
3250 
3500 
3500 
3500 
3500 
3500 
3750 
3750 
3750 
3750 
3750 
4000 
4000 
4000 
4000 
4000 
4250 
4250 
4250 
4250 
4250 
4500 
4500 
4500 
4500 
4500 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000,000 

7.500 
27.000 
75.000 

450,000 
14000.000 

Ratio 

1.03 
1 .oo 
.60 
.58 
.84 

1.10 
1 .os 

-70 
.54 
.16 

1.08 
1.09 
1.21 
1.11 
1.18 
1.11 
1.04 
1.27 
1.12 
1.09 
1.36 
1.37 
1.82 
1.10 
1.04 
.95 
.92 

1.53 
.95 
.95 
.82 
.92 

1 .oo 
.92 
.73 

2.00 
1.94 
2.02 
1.26 
1.27 

- 
Number 
of Obs. 

9 
6 
4 
6 
5 
8 
9 
8 
7 
5 
6 
7 
6 
6 
7 
7 
6 
6 
5 
6 
6 
6 
6 
6 
5 
8 
6 
6 
6 
5 
6 
6 
6 
6 
5 
7 
7 
6 
7 
6 

(cont) 

Standard 
Error 

.040 

.029 

.014 

.012 

.029 

.048 

.036 
,033 
,085 
,407 
,026 
.024 
.024 
.036 
.031 
.033 
.043 
,026 
.027 
.054 
.061 
.062 
,050 
.035 
.042 
.068 
.077 
,020 
,023 
.013 
.054 
.038 
,035 
.045 
.080 
.032 
.021 
.009 
.023 
,056 

Dipole 
Position 

2500 to 
2500 to 
2500 to 
2500 to 
2500 to 
2750 to 
2750 to 
2750 to 
2750 to 
2750 to 
3000 to 
3000 to 
3000 to 
3000 to 
3000 to 
3250 to 
3250 to 
3250 to 
3250 to 
3250 to 
3500 to 
3500 to 
3500 to 
3500 to 
3500 to 
3750 to 
3750 to 
3750 to 
3750 to 
3750 to 
4000 to 
4000 to 
4000 to 
4000 to 
4000 to 
4250 to 
4250 to 
4250 to 
4250 to 
4250 to 
4580 to 
4500 to 
4500 to 
4500 to 
4500 to 

2750 
2750 
2750 
2750 
2750 
3000 
3000 
3000 
3000 
3000 
3250 
3250 
3250 
3250 
3250 
3500 
3500 
3500 
3500 
3500 
3750 
3750 
3750 
3750 
3750 
4000 
4000 
4000 
4000 
4000 
4250 
4250 
4250 
4050 
4250 
4500 
4500 
4500 
4500 
4500 
4750 
4750 
4750 
4750 
4750 

Relative 
Voltage 

1.31 
1.22 
4.48 
1.57 
1.28 
1.34 
1.22 
2.67 
.92 

1.08 
1.48 
1.31 
1.86 
-50 
.17 

1.59 
1.43 
2.26 

-55 
.21 

1.76 
1.49 
2.87 
.62 
.22 

2.39 
2.04 
5.22 

-68 
-23 

2.27 
1.89 
8.00 
.64 
.22 

1.87 
1.74 
8.00 
.59 
.16 

3,74 
3.38 

16.12 
.74 
-20 



TELLURIC TRAVERSE DATA 

250 m DIPOLES 
[XPACO - GUATEMALA, LINE 2 

Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 
1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz 

7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 

Ratio 

.78 

.94 

.94 

.98 

.90 

.92 

.85 
-56 
-83 
.95 
1.08 
.91 
-95 
.89 
1.10 
.88 
.83 
.97 
.87 
.90 
1.06 
.88 
.84 
.92 
.98 
1.09 
1.15 
1.26 
1.18 
1.03 
1.11 
1.24 
2.66 
1.32 
1-09 
1.12 
1.10 
1.27 
1.23 
-95 
-97 
.83 
.37 
.34 
.83 
.87 
.87 
.57 
.79 
1.12 

- 
Number 
of Obs. -~ 

6 
8 
7 
6 
7 
6 
6 
6 
6 
5 
6 
6 
6 
6 
5 
6 
6 
5 
5 
6 
5 
6 
6 
6 
6 
8 
7 
6 
6 
6 
6 
7 
6 
6 
7 
8 
7 
6 
6 
6 
8 
8 
7 
6 
6 
8 
6 
6 
7 
6 

Standard 
Error 

.072 

.039 
,018 
.015 
,033 
.014 
,034 
.045 
.034 
.041 
.079 
.042 
.031 
,062 
.021 
,024 
.OM 
.028 
.011 
.032 
.018 
.073 
.023 
.021 
.031 
.073 
.053 
,040 
.019 
.032 
,051 
,028 
.039 
,053 
,053 
.071 
.051 
.067 
.042 
,070 
.045 
,079 
,055 
.292 
.038 
.014 
,032 
.008 
.034 
,011 

Dipole 
Position 

0 to 250 
0 to 250 
0 to 250 
0 to 250 
0 to 250 

250 to 500 
250 to 500 
250 to 500 
250 to 500 
250 to 500 
500 to 750 
500 to 750 
500 to 750 
500 to 750 
500 to 750 
750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1750 to 2000 
1750 to 2000 
1750 to 2000 
1750 to 2000 
1750 to 2000 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2250 to 2500 
2250 to 2500 
2250 to 2500 
2250 to 2500 
2250 to 2500 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 

Relative 
Voltage 

1.00 
1.00 
1.00 
1.00 
1.00 
.78 
.94 
.94 
.98 
.go 
.72 
.80 
.52 
.81 
.86 
.77 
.73 
.50 
.72 
.95 
.68 
.60 
A9 
.63 
.85 
.72 
-53 
.41 
-58 
-84 
-78 
.61 
-52 
.68 
36 
.87 
.75 
1.37 
.go 
.94 
.98 
.83 
1.75 
1.11 
-89 
.95 
.69 
.64 
.38 
.74 
.83 
.60 
-36 
.30 
.84 



TELLURIC TRAVEWR DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 3 

Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.00 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Ratio 

.74 

.81 

.89 
1.35 
.98 
.50 
.81 
.58 
.77 
.95 
.go 
.86 
-93 
.92 

1.17 
1.09 
1.12 
1.09 
1.02 
.94 
.91 
.93 
.97 

1.01 
1.47 
1.28 
1.35 
1.35 
1.24 
1.23 
.79 
.88 
.95 

1.09 
.81 

1.17 
1 .OS 
1.04 
8 7  

1.07 
.94 
.94 
.86 

1.06 
1.07 
.85 
-92 
.98 

1.14 
1.02 

- 
Number 
of Obs. 

7 
6 
6 
6 
5 
7 
7 
6 
5 
4 
7 
6 
7 
6 
5 
6 
6 
7 
6 
5 
7 
5 
7 
6 
5 
6 
6 
6 
6 
4 
7 
6 
6 
6 
5 
7 
7 
7 
6 
4 
8 
8 
6 
6 
6 
7 
8 
7 
7 
5 

Standard 
Error 

.092 

.lo6 

.059 

.022 

.003 

.041 
,052 
.027 
.011 
.012 
.lo6 
.035 
,027 
.022 
.025 
.054 
.038 
.018 
.010 
.017 
,071 
.026 
.026 
.027 
.007 
.037 
.071 
.058 
.022 
.032 
,113 
.072 
.052 
.027 
.012 
,057 
.O% 
.054 
,040 
.021 
,054 
.049 
.049 
,049 
,047 
.023 
.052 
.021 
,064 
,005 

Dipole 
Position 

0 to 
0 to 
0 to 
0 to 
0 to 

250 to 
250 to 
250 to 
250 to 
250 to 
500 to 
500 to 
500 to 
500 to 
500 to 
750 to 
750 to 
750 to 
750 to 
750 to 

1000 to 
1000 to 
1000 to 
1000 to 
1000 to 
1250 to 
1250 to 
1250 to 
1250 to 
1250 to 
1500 to 
1500 to 
1500 to 
1500 to 
1500 to 
1750 to 
1750 to 
1750 to 
1750 to 
1750 to 
2000 to 
2000 to 
2000 to 
2000 to 
2000 to 
2250 to 
2250 to 
2250 to 
2250 to 
2250 to 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Relative 
Voltage 

1.00 
1.00 
1.00 
1.00 
1.00 
.74 
.81 
.89 

1.35 
.98 
,37 
.66 
.51 

1.04 
.92 
.33 
.56 
.47 
.96 

1.08 
.36 
.63 
.51 
.98 

1.02 
.33 
.59 
.50 
.98 

1.49 
.42 
.79 
.67 

1.22 
1.83 
.33 
.69 
.64 

1.33 
1.48 
.39 
.75 
-66 

1.16 
1.58 
.36 
.71 
.57 

1.23 
1.69 
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Station 
Number 

2750 
2750 
2750 
2750 
2750 
3000 
3000 
3000 
3000 
3000 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Ratio 

.83 
-83 
.96 
.98 

1.02 
1.07 
1.10 
1.08 
.84 
.57 

- 

TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 3 

Number 
of Obs. 

6 
7 
7 
6 
5 
8 
8 
7 
7 
5 

(cont) 

Standard 
Error 

,053 
.042 
.047 
.038 
.021 
.061 
.057 
.011 
.037 
.004 

Dipole 
Position 

2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 
3000 to 3250 
3000 to 3250 
3000 to 3250 
3000 to 3250 
3000 to 3250 

Relative 
Voltage 

.31 
-65 
.56 

1.40 
1.73 
.26 
.54 
.54 

1.37 
1.77 
.27 
.59 
.58 

1.15 
1.00 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 4 

Station 
Number 

Frequency 
in Hz Ratio 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.00 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Number 
of Obs, 

Standard 
Error 

Dipole 
Position 

.80 

.76 
1.09 
.60 
.77 

1.02 
1.24 
1.32 
3.13 
1.20 
1.17 
1.16 
1.30 
1.38 
1.93 

.58 

.65 
-45 
-48 
.68 
.83 
.89 

1.24 
1.01 
-95 
.76 
.69 
.42 
-56 

1-01 
-79 
.69 
-56 
.50 
.87 
.94 
.98 

1.01 
.79 
.94 

1.31 
1.24 
1.44 
1.23 
1.08 
-98 

1.28 
3.35 
2.13 
.81 

7 
6 
8 
7 
4 
7 
7 
7 
6 
5 
7 
6 
6 
5 
5 
7 
7 
6 
6 
5 
7 
6 
6 
6 
5 
6 
6 
6 
5 
5 
7 
7 
7 
6 
5 
7 
7 
6 
6 
5 
6 
6 
5 
6 
5 
6 
6 
5 
6 
5 

.loo 

.128 
,074 
.136 
-005 
.115 
.056 
.040 
.323 
.071 
.017 
,041 
,014 
.003 
.012 
.025 
.036 
.020 
.006 
.003 
,042 
.046 
.056 
.070 
.006 
.032 
,036 
.011 
.033 
.007 
,066 
.068 
.046 
,096 
.008 
.061 
.053 
.039 
.022 
.006 
.041 
.053 
.017 
.015 
.003 
.057 
.083 
.489 
.351 
.003 

0 to 250 
0 to 250 
0 to 250 
0 to 250 
0 to 250 

250 to 500 
250 to 500 
250 to 500 
250 to 500 
250 to 500 
500 to 750 
500 to 750 
500 to 750 
500 to 750 
500 to 750 
750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 

1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1500 to 1750 
1750 to 2000 
1750 to 2000 
1750 to 2000 
1750 to 2000 
1750 to 2000 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2000 to 2250 
2250 to 2500 
2250 to 2500 
2250 to 2500 
2250 to 2500 
2250 to 2500 

Relative 
Voltage 

1 .oo 
1.00 
1.00 
1.00 
1.00 
.80 
-76 

1.09 
-60 
-77 
.81 
.95 

1.44 
1.87 
.92 
-95 

1.10 
1.87 
2.58 
1.78 
-55 
.72 
.83 

1.23 
1.20 
.46 
.64 

1.03 
1.25 
1.15 
.35 
.44 
.43 
.69 

1.16 
-26 
.30 
.24 
-35 

1.00 
-25 
.30 
-24 
-27 
.94 
.33 
.37 
.35 
-34 

1.02 
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Station 
Number 

2750 
2750 
2750 
2750 
2750 

Frequency 
in Hz 

7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 

TELLURIC TRAVERSE DATA 
IXPACO - GUATEMALA, LINE 4 

250 m DIPOLES 

Number 
Ratio of Clbs. 

1 .oo 2 
1.09 7 
1.00 2 
.84 1 
1.17 5 

- -- 

(cont) 

Standard 
Ermr 

,010 
,055 
,010 
,010 
.016 

Dipole 
Position 

2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 

Relative 
Voltage 

-32 
.47 
1.18 
.72 
-83 
-32 
-51 
1.18 
.60 
.96 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 5 

Station 
Number 

250 
250 
250 
250 
2-50 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 
1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz 

7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.00 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.500 
75.000 
450.000 

14000.000 
7.500 
27.500 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 
7.500 
27.000 
75.000 
450.000 

14000.000 

Ratio 

2.39 
2.41 
2.49 
2.08 
.99 
1 .oo 
.90 
.64 
.71 
-69 
.93 
.92 
1.37 
.87 
1.02 
-76 
.85 
.44 
.88 
.98 
.80 
.82 
.80 
1.01 
1.43 
.88 
-87 
.62 
.83 
1.03 
.88 
.70 
.79 
.85 
.93 
1.21 
1.26 
.91 
1.08 
1.02 
1.20 
1.18 
1.01 
-94 
1.15 
1.98 
1.42 
1.37 
1.10 
1.31 

- 
Number 
of Obs. 

7 
8 
7 
6 
6 
8 
7 
7 
6 
6 
7 
7 
6 
7 
7 
7 
7 
7 
7 
6 
7 
7 
6 
7 
6 
6 
7 
6 
6 
6 
7 
7 
6 
6 
6 
8 
6 
7 
6 
7 
9 
7 
7 
9 
8 
10 
7 
7 
7 
5 

Standard 
Error 

.127 
,106 
.015 
.049 
.006 
.046 
.035 
.021 
.lo0 
,033 
.015 
.027 
.067 
.006 
.012 
.031 
.OS 
,025 
.027 
.008 
.013 
,015 
.007 
.017 
.025 
,013 
.030 
,158 
,032 
.018 
.050 
.013 
.042 
,020 
.012 
.035 
.020 
,020 
,011 
,032 
,044 
.072 
.036 
.061 
.019 
.034 
.047 
.023 
,026 
.009 

Dipole 
Position 

0 to 
0 to 
0 to 
0 to 
0 to 

250 to 
250 to 
250 to 
250 to 
250 to 
500 to 
500 to 
500 to 
500 to 
500 to 
750 to 
750 to 
750 to 
750 to 
750 to 
1000 to 
1000 to 
1000 to 
1000 to 
1000 to 
1250 to 
1250 to 
1250 to 
1250 to 
1250 to 
1500 to 
1500 to 
1500 to 
1500 to 
1500 to 
1750 to 
1750 to 
1750 to 
1750 to 
1750 to 
2000 to 
2000 to 
2000 to 
2000 to 
2000 to 
2250 to 
2250 to 
2250 to 
2250 to 
2250 to 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 
1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Relative 
Voltage 

1.00 
1.00 
1.00 
1.00 
1.00 
2.39 
2.41 
2.49 
2.08 
.99 
2.39 
2.17 
1.60 
1.49 
.69 
2.23 
2.00 
2.19 
1.29 
.70 
1.71 
1.70 
.97 
1.13 
-68 
1.36 
1.39 
.78 
1.15 
.97 
1.19 
1.22 
.48 
.96 
1.00 
1.05 

.86 

.39 

.81 
-93 
1.27 
1.08 
.35 
.88 
.95 
1.52 
.43 
.68 
.60 
1.00 
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Station Frequency 
Number in Hz Ratio - 

2750 7.500 1.16 
2750 27.000 1.19 
2750 75.000 1.06 
2750 450.000 1.12 
2750 14000.000 .94 

7.500 
27.000 
75.000 

450.000 
14000.000 

TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 5 

Number Standard 
of Obs. Error -- 

7 .041 
7 .049 
7 .173 
7 .026 
6 .008 

Dipole 
Position 

2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2500 to 2750 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 

Relative 
Voltage 

.65 

.61 

.94 

.66 
1.31 
.75 
.73 
.99 
.74 

1.23 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 6 

Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz Ratio 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.00 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Number 
of Obs. 

Standard 
Error 

Dipole 
Position 

1.50 
1.51 
1.40 
1.17 
1.18 
.99 
-84 
.88 
.97 
.90 
-78 
.85 

1.08 
.80 
.62 

1.34 
1.43 
1.01 
1.12 
2.12 
.78 
.78 
.64 
.74 
-89 
-97 
.go 
.94 

1 .oo 
.89 
-86 
.82 
.75 
.87 

1.02 
.64 
.84 

1.11 
1.07 
.83 
-72 
.a9 

1.88 
-93 
.85 

1.28 
1.23 
.95 

1.35 
1.31 

7 
7 
7 
8 
6 
7 
7 
7 
8 
7 
6 
7 
7 
8 
6 
6 
7 
7 
7 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
6 
8 
6 
6 
7 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

.113 

.060 

.049 
,033 
.054 
.lo5 
.039 
.046 
.019 
.011 
.OB 
.036 
.032 
.017 
.018 
,056 
,025 
,069 
.090 
,013 
,061 
.028 
,032 
.022 
.025 
,070 
.lo6 
.045 
.020 
.022 ~ 

.036 

.031 
,031 
.023 
.006 
,119 
,063 
.039 
,016 
.023 
.063 
,028 
.094 
.036 
.015 
,023 
.053 
,068 
,015 
.049 

0 to 
0 to 
0 to 
0 to 
0 to 

250 to 
250 to 
250 to 
250 to 
250 to 
500 to 
500 to 
500 to 
500 to 
500 to 
750 to 
750 to 
750 to 
750 to 
750 to 

1000 to 
1000 to 
1000 to 
1000 to 
1000 to 
1250 to 
1250 to 
1250 to 
1250 to 
1250 to 
1500 to 
1500 to 
1500 to 
1500 to 
1500 to 
1750 to 
1750 to 
1750 to 
1750 to 
1750 to 
2000 to 

2000 to 
2000 to 
2000 to 
2250 to 
2250 to 
2250 to 
2250 to 
2250 to 

2000 tQ 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Relative 
Voltage 

1.00 
1.00 
1.00 
1.00 
1.00 
1.50 
1.51 
1.40 
1.17 
1.18 
1.48 
1.28 
1.23 
1.14 
1.07 
1.16 
1.09 
1.33 
.91 
.66 

1.56 
1.55 
1.35 
1.02 
1.40 
1.22 
1.22 
-86 
.75 

1.24 
1.18 
1.09 
.81 
.75 

1.11 
1.02 
-89 
-60 
.66 

1.14 
-65 
.75 
.67 
.70 
-94 
.46 
-67 

1.25 
.66 
.80 

Tecuambm 218 



St tion 
Number 

Frequency 
in Hz 

2750 
2750 
2750 
2750 
2750 

7.500 
27.000 
75,000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Ratio 

.65 
-67 
.50 

1.11 
.58 

- 

TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 6 

Number 
of Obs. 

(cont) 

Standard Dipole Relat 
Error Po'sit ion 

.047 2500 to 2750 
,043 2500 to 2750 
.027 2500 to 2750 
.036 2500 to 2750 
,003 2500 to 2750 

2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 
2750 to 3000 

ve 
Voltage 

.59 

.82 
1.19 
.89 

1.05 
.38 
-55 
.60 
.98 
.61 
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TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 7 

Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2500 
2500 
2500 
2500 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.00 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

Ratio 

-50 
.54 
.45 
.67 
.69 

1.37 
1.35 
1.44 
1.35 
1.48 
,72 
$66 
.67 
.68 
.82 

1.02 
.97 

1.24 
1.04 
.94 
.84 
.85 

1.12 
.96 
.88 

1.16 
1.64 
3.51 
1.56 
1.05 

.66 

.50 

.28 

.60 

.85 
1.32 
1.10 
1.08 
1.14 
1.65 
LO6 
1.19 
1.08 
.90 
.97 

1.46 
2.15 
2.46 
2.52 
2.13 

- 
Number 
of Obs. 

7 
7 
8 
7 
5 
8 
7 
7 
7 
6 
7 
7 
7 
7 
5 
7 
6 
7 
7 
6 
7 
8 
7 
7 
5 
8 
7 
6 
6 
5 
7 
7 
0 
7 
5 
7 
7 
8 
7 
5 
8 
7 
6 
7 
5 
7 

8 
8 
7 

a 

Standard 
Error 

Dipole 
Position 

.043 
,045 
,034 
.018 
.014 
.051 
.030 
.026 
.019 
.005 
.034 
,022 
.037 
.008 
.005 
.063 
.017 
,026 
,021 
,018 
.026 
,047 
.059 
.029 
,015 
.073 
,068 
.025 
.024 
,018 
.042 
.052 
.001 
.017 
.a01 
.035 
.041 
.026 
.011 
.004 
.053 
,050 
.024 
.015 
.007 
,038 
.046 
.033 
.017 
.031 

0 to 
0 to 
0 to 
0 to 
0 to 

250 to 
250 to 
250 to 
250 to 
250 to 
500 to 
500 to 
500 to 
500 to 
500 to 
750 to 
750 to 
750 to 
750 to 
750 to 

1000 to 
1000 to 
1000 to 
1000 to 
1000 to 
1250 to 
1250 to 
1250 to 
1250 to 
1250 to 
1500 to 
1500 to 
1500 to 
1500 to 
1500 to 
1750 to 
1750 to 
1750 to 
1750 to 
1750 to 
2000 to 
2000 to 
2000 to 
2000 to 
2000 to 
2250 to 
2250 to 
2250 to 
2250 to 
2250 to 
2500 to 
2500 to 
2500 to 
2500 to 
2500 to 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 
1500 
1500 
1500 
1500 
1500 
1750 
1750 
1750 
1750 
1750 
2000 
2000 
2000 
2000 
2000 
2250 
2250 
2250 
2250 
2250 
2500 
2580 
2500 
2500 
2500 
2750 
2750 
2750 
2750 
2750 

Relative 
Voltage 

1.00 
1.00 
1-00 
1.00 
1.00 
.50 
-54 
.45 
-67 
-69 
.68 
.73 
.65 
.90 

1.03 
.49 
.48 
.44 
.62 
.84 
-50 
-47 
.54 
.64 
.79 
.42 
.40 
.60 
-62 
.70 
.49 
.65 

2.11 
.97 
.73 
.32 
-33 
-59 
.58 
.62 
.42 
.36 
.64 
.66 

1.03 
.a5 
1.28 
.34 
.82 

1.09 
3.00 
2.74 
-88 

2.08 
2.32 
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Station 
Number 

250 
250 
250 
250 
250 
500 
500 
500 
500 
500 
750 
750 
750 
750 
750 

1000 
1000 
1000 
1000 
1000 
1250 
1250 
1250 
1250 
1250 

Frequency 
in Hz 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.00 
75.000 

450,000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.000 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

7.500 
27.500 
75.000 

450.000 
14000.000 

Ratio 

1.10 
.92 

1.36 
1.69 
1,50 
1.02 
1 .oo 
.98 

1.06 
1.22 
1 .oo 
.95 
.93 
-92 
.86 
.89 
.81 
.81 
.80 
-96 
.85 
.86 
.83 
.75 
-93 

- 

TELLURIC TRAVERSE DATA 

250 m DIPOLES 
IXPACO - GUATEMALA, LINE 8 

Number 
of Obs. 

Standard 
Error 

8 
7 
8 
7 
5 
7 
7 
7 
7 
5 
7 
7 
7 
7 
5 
7 
8 
7 
6 
5 
7 
7 
7 
6 
5 

,079 
,038 
.069 
,120 
.061 
.OB 
,036 
.031 
.011 
.021 
,055 
.034 
.025 
,006 
.006 
,025 
,047 
,036 
.017 
.007 
,014 
.036 
,016 
.017 
,027 

Dipole 
Posit ion 

0 to 250 
0 to 250 
0 to 250 
0 to 250 
0 to 250 

250 to 500 
250 to 500 
250 to 500 
250 to 500 
250 to 500 
500 to 750 
500 to 750 
500 to 750 
500 to 750 
500 to 750 

. 750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 
750 to 1000 

1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1000 to 1250 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 
1250 to 1500 

Relative 
Voltage 

1.00 
1.00 
1 .oo 
1.00 
1.00 
1.10 
.92 

1.36 
1.69 
1.50 
1.13 
.92 

1.33 
1.79 
1.83 
1.12 
,88 

1.23 
1.65 
1.58 
1.00 
.71 

1 .oo 
1.32 
1.51 
.86 
.61 
.83 
.99 

1.40 
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APPENDIX F 

TABULATED AMT SOUNDING DATA FOR TELLURIC 
TRAVERSES 1 THROUGH 8 

CHUPADERO CRATER, GUATEMALA 
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STATION ID E 1 STATION ID = 3 

NUMBER OF FREQUENCIES = 10 

FREQ 

7.500 
14.000 
27.000 
45.000 
75.000 

270.000 
450.000 

4500.000 
7500.000 

14000.000 

AI'-RES 

13.25 
16.39 
26.68 
34.19 
35.83 
59.87 
52.69 
67.96 
59.68 

202.49 

STATION ID = 2 

N OBS 

4 
8 
9 

12 
11 
8 
8 

10 
9 
7 

STD ERR 

1.19 
3.25 

13.16 
3.56 
2,43 
8.75 
6.85 

10.36 
13.40 
49.75 

NUMBER OF FREQUENCIES = 14 

FREQ AI'-RES NOBS STDERR - -  
4.500 
7.500 

14.000 
27,000 
45,000 
75.000 

140.000 
270.000 
450.000 
750.000 

1400,000 
2700,000 
7500,000 

14000.000 

4.34 
7.01 
7.55 
5.74 

11.15 
17.07 
15.08 
23.93 
21.28 
10.20 
3.80 
3.30 
5.60 
9.79 

7 
10 
2 1  
11 
14 
12 
12 
12 
10 
11 
5 
7 
6 
8 

0.52 
0.26 
1.61 
0.40 
0.43 
1.54 
1.27 
1.28 
1.25 
0.73 
1.08 
1.52 
1.04 
1.04 

NUMBER OF FREQUENCIES = 14 

FREQ AI'-RES NOBS STDERR 

4.500 
7.500 

14.000 
27.000 
45.000 
75.000 

140.000 
270.000 
450.000 
750.000 

2700.000 
4500.000 
7500.000 

14000.000 

54.47 
73.08 
98.23 
87.90 
67,63 

105.35 
81.24 

120.90 
79.37 
37.01 
42.69 

144.62 
113.87 
254.59 

STATION ID = 4 

2 
6 

10 
9 

12 
10 
12 
12 
9 

11 
11 
12 
11 
9 

6.70 

12.98 
13.18 
5.44 

15.17 
4.16 
5.81 
1.18 
1.47 
7.50 

10.86 
4.89 
5.59 

a,97 

NUMBER OF FREQUENCIES = 13 

FREQ AP-RES NOBS STDERR 

7.500 
14.000 
27,000 
45.000 
75,000 

140.000 
270.000 
450.000 
750,000 

2700.000 
4500.000 
7500.000 

14000.000 

5.91 
18.75 
14.97 
31.50 
65.22 
43,45 
42.35 
41.44 
20.90 
72.16 
22.49 
94.54 

131.75 

5 
13 
11 
11 
10 
18 
16 
11 
13 
10 
10 
9 
7 

1.06 
1.11 
1.45 
3.17 
6.06 
1.66 
5.51 
3.45 
1.37 
6.70 
2.63 

11 .oo 
5.97 . 
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STATION ID = 5 

NUMBER OF FREQUENCIES = 14 

FREQ 

4.500 
7.500 

14.000 
27.000 
45.000 
75.000 

140.000 
270.000 
450.000 
750.000 

2700.000 
4500.000 
7500.000 

14000.000 

AP-RES 

11.80 
18.06 
22.47 
9.98 

25.36 
33.32 
18.15 
14.05 
13.48 
14.73 
56.28 
32.08 
29.77 
82.93 

STATION ID = 6 

N OBS 

9 
9 

12 
11 
7 

12 
11 
8 

11 
8 

11 
9 

14 
13 

STD ERR 

3.49 
9.46 
6.17 
2.21 
5.03 
6.15 
3.84 
2.15 
2.72 
2.24 
5.77 
9.63 
4.26 
4.70 

NUMBER OF FREQUENCIES = 15 

FREQ AP-RES NOBS STDERR 

4.500 
7.500 

14.000 
27.000 
45.000 
75.000 

140.000 
270.000 
450.000 
750.000 

1400 .OOO 
2700.000 
4500.000 
7500.000 

14000.000 

69.00 
119.25 
58.78 
23.36 
72.67 
63.20 

108.11 
113.31 
67.99 
33.87 
92.41 

197.09 
120.41 
121.81 
403.98 

9 
11 
8 

11 
11 
14 
11 
12 
11 
12 
13 
10 
11 
10 
10 

63.47 
57.46 
14.40 
16.57 
16.47 
7.79 

15.86 
19.48 
10.73 
4.1 6 

12.75 
32.13 
13.67 
12.82 
19.41 

STATION ID = 7 

NUMBER OF FREQUENCIES = 14 

FREQ AP-RES NOBS STDERR 

7.500 
14.000 
27.000 
45.000 
75.000 

140.000 
270.000 
450.000 
750.000 

1400.000 
2700.000 
4500.000 
7500.000 

14000.000 

41.81 
30.13 
29.40 
74.41 
67.81 
80.70 
89.68 
87.68 
44.31 
62.29 
69.75 
76.99 

107.08 
200.44 

STATION ID = 8 

11 
13 
8 

16 
11 
12 
16 
13 
12 
10 
11 
13 
12 
12 

3.83 
3.02 

11.04 
14.05 
5.73 
6.90 

16.83 
4.32 
3.66 
2.18 
9.72 
7.81 

13.57 
7.95 

NUMBER OF FREQUENCIES = 15 

FREQ AP-RES NOBS STDERR 

4.500 
7.500 

14.000 
27.000 
45.000 
75.000 

140.000 
270.000 
450.000 
750.000 

1400.000 
2700.000 
4500.000 
7500.000 

14000.000 

21 -98 
18.45 
23.30 
19.08 
33.42 
28.04 
28.73 
58.62 
47.29 
68.00 
58.75 
27.95 
42.60 
83.68 
69.59 

7 
10 
13 
18 
12 
11 
12 
12 
10 
11 
12 
12 
11 
9 

11 

3.02 
1.46 
1.72 
1.30 
3.36 
8.65 

10.90 
6.72 
8.48 

10.32 
13.44 
1.62 
4.84 

15.76 
11.52 
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